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PROCEDE DE PRODUCTION, PAR DES CELLULES VEGETALES, DE 
PROTEINES HEMINIQUES, PROTEINES AINSI OBTENUES ET 
PRODUITS CONTENANT CES PROTEINES 

L 1 invention concerne un procede de production, 
par des cellules vegetales, de proteines heminiques, 
et en particulier les proteines heminiques capables de 
fixer reversiblement l'oxygene, par exemple 
1 * hemoglobine et ses derives, et la myoglobine. Elle 
concerne en outre les proteines obtenues par la mise 
en oeuvre du procede. L' invention vise egalement les 
cellules et plantes genetiquement transformees capable 
de produire ces proteines, et les construits d'acides 
nucleiques impliques dans la transformation. En outre, 
!• invention vise des produits par exemple, 
pharmaceutiques ou cosmetiques, contenant ces 
proteines heminiques. 

Les proteines heminiques sont des molecules 
complexes composees d'une ou plusieurs chalne(s) 
polypeptidique(s) en association a un ou plusieurs 
noyau (x) f erroporphyrique (s) . Ces noyaux sont composes 
de quatre cycles pyrrole, juxtaposes en une structure 
fermee et relies par des ponts mStheniques, et 
contenant au centre de la molecule, un atome de fer. 
Les proteines heminiques se distinguent les unes des 
autres par la nature et le norobre des chaines 
polypeptidiques et par la nature des chaines laterales 
portees par les huit atomes 0 des cycles pyrrole. Un 
exemple de noyau f erroporphyrique est la 
protoporphyrine IX a fer egalement connue sous le nom 
de "pro^hetae" ou simplement "heme" (figure 1) . 

La famille des proteines heminiques comprend de 
nombreuses substances importantes sur le plan 
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biologigu chez les animaux et chez les plantes, 
notamment ^hemoglobin , la myoglobine, les 
cytochromes , les peroxydases, les catalases. 

L* hemoglobine est le constituant principal des 
globules rouges du sang. Elle a pour fonction 
essentielle de fixer, transporter et delivrer la 
quantite d'oxygene necessaire au f onctionnement normal 
des tissus. 

La molecule d 'hemoglobine est composee de deux 
types de chaines ou sous-unites de globine, nominees a 
et fi (de 141 et 146 acides amines respect ivement) , et 
appariees deux a deux pour former un tetramere a 2 0 2 . 
Chacune de ces sous-unites renferme, solidement 
attachee dans une poche hydrophobe, une molecule 
d'heme (c'est-a-dire la protoporphyrine IX) contenant 
en son centre un atome de fer divalent (Fe 2 *) auquel 
se lie de fa<?on reversible une molecule d'oxygene. 
Chague molecule d'hemoglobine tetramerique contient 
done 4 atomes de fer et 4 molecules d'oxygene qu'elle 
fixe lors de son passage dans les poumons. La masse 
moleculaire du tetramere est de 64 650 D. Chez 
l'homme, les chaines a et p sont synthetisees a partir 
de deux types de genes situes sur les chromosomes 16 
et 11 respect ivement* 

Le terme de chaines de type beta, ou "non alpha", 
recouvre, non seulement les chaines beta, mais 
egaleroent les chaines denommees epsilon, gamma ou 
delta • 

Normalement, chez I'adulte, plus de 95% de 
1 •hemoglobine est constitute par du tetramere alpha 2 
beta 2 , c f est-a-dire 1 1 association de deux dimeres 
heterologues alpha-beta, associes au complexe 
catalytigue, l'heme. On trouve 2% a 3% d f une 
hemoglobine constitute de t§trameres alpha 2 delta 2 , et 
des traces d* hemoglobine fo tale alpha 2 gamma 2 . 
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La molecule d 'hemoglobine huroaine tetramerigu 
existe sous deux formes ou structures quaternaires 
selon que l*oxygene est lie ou non aux atomes de fer. 
En presence d'oxygene, 1 'hemoglobine est dite en etat 
R (pour relSchee) et son af finite pour l'oxygene est 
forte. En 1' absence d'oxygene, 1 'hemoglobine est dite 
en etat T (pour tendue) et son af finite pour l'oxygene 
est 100 fois plus faible (Perutz, 1970). L f affinite 
resultante est liee a I'equilibre entre les 
concentrations de formes R et T. Cette af finite est 
d'autant plus faible que la concentration de 
1 'h6moglobine sous forme T est plus felevee a tout 
niveau d 1 oxygenation. L'af finite de 1 'hemoglobine pour 
l'oxygene est reglee par le co-facteur - 2,3- 
diphosphogly cerate (DPG) , une petite molecule 
provenant du metabolisme du glucose et qui se fixe sur 
les chalnes p de 1 'hemoglobine tetramerique diminuant 
son affinite pour l'oxygene. 

L 1 augmentation des risques infectieux par des 
produits derives du sang humain (hepatites, H.I.V) 
rend necessaire la mise au point d'un transporteur 
artificiel d f oxygene comme substitut a la transfusion 
sanguine. 

Des techniques mettant en oeuvre les ADN 
recombinants ont ete proposees pour produire les 
chalnes proteiques de la globine. 

Les premieres techniques mises en oeuvre avaient 
essentiellement pour but de faire synthetiser dans E, 
coli, les chalnes alpha et beta separement (NagaS et 
Thogen-Sen, 1987) , impliquant des procedes lourds 
d 1 expression separee de chacune des chalnes. Ces 
procedes pouvaient dif f icilement etre exploites a 
1 'echelle industrielle. 

Plus recemment, 1' expression d •hemoglobine 
recombinante soluble et f onctionnelle a ete mise au 
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point dans E. coli (Hoffman et al., 1990, P.N.A.S., 
87, 8521-8525) et Saccharomyces cerevisiae (VJagenbach 
et al., 1991, Biotechnology, 9, 57-61) . Chacun de ces 
systemes presente avantages et inconvenients. En 
effet, les taux d' expression les plus eleves sont 
obtenus dans E. coli qui presente neanmoins le 
desavantage de produire des endotoxines et de ne pas 
cliver les methionines NH 2 -terminales contrairement a 
Saccharomyces cerevisiae . Dans la levure, les 
rendements de synthese d f hemoglobine sont faibles (3 a 
5%), compares aux 10-15% obtenus dans E. coli . v Ceci 
limite actuellement 1 'utilisation de la levure dans le 
cadre d'un pro jet de developpement industriel. 

L 1 utilisation de cellules animales en culture ou 
d'animaux transgeniques comme botes de production a 
egalement ete realisee (Swanson et al., 
Bio/Technology, Mai 1992, 10, page 55). Ces techniques 
ne paraissent pas exploitables actuellement en raison 
des faibles taux d» expression et les risques de 
contaminations virales et par des prions* 

Le probleme technique que se propose de resoudre 
la presente invention est de produire des proteines 
heminiques, et notamment 1 f hemoglobine et ses derives, 
en grande quantity a des codts faibles, sans risque de 
contaminations virales ou sub-virales. Les inventeurs 
ont apporte une solution a ce probleme en utilisant 
comme h6te pour la transformation et la production, 
des cellules vegetales. 

Diver ses equipes se sont deja inter essees a la 
production de proteines recombinantes de mammiferes 
dans les cellules vegetales ou dans des plantes 
transgeniques. Par exemple, 1* express ion specif ique 
dans les graines de colza, de la leu-enkephaline a ete 
obtenue avec des niveaux d' expression d' environ 0,1% 
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(Vanderkerckhove et al., Biotechnology, 1989 , 7, 
929-932). 

En 1990, Sijmons et al. f (Biotechnology, 1990, 8, 
217-221) ont transfere le gene de la serum albumine 
humaine dans des cellules de tabac et de pomme de 
terre. Quelle que soit l'origine des peptides signaux 
(humaine ou vegetale) , des taux de serum albumine 
humaine de l*ordre 0,02% des proteines totales ont ete 
obtenus dans les feuilles, les tiges et les tubercules 
de pomme de terre. 

D'autres proteines recombinantes de mammiferes 
ont ete aussi produites dans les plantes : l'antigene 
de surface de l'hSpatite B (Mason et al., P.N.A.S., 
1992, 89, 11745-11749) ; 1 • interferon humain (Edelbaum 
J. of Interferon Res., 1992, 12, 44 9-4 53) ; un 
anticorps de sour is anti- Streptococcus mutans , agent 
de la carie dentaire (Hiatt et Ma, FEBS, 1992, 307, 
71-75) ; un anticorps anti-Herpes (Russel, 1994) et 
I'hirudine (Moloney, 1994). 

L 1 ensemble de ces recherches montre que la 
production de proteines recombinantes de mammiferes 
dans les cellules vegetales est possible et que les 
mecanismes de synthese de proteines a partir des 
sequences d'ADN sont similaires chez les cellules 
animales et les cellules vegetales. 

En revanche, il existe peu d • informations au 
sujet des porphyrines a fer chez les vegetaux, 
notamment sur leurs structures, leurs voies de 
synthese et l 1 assemblage des noyaux porphyriques et 
les chalnes proteiques pour former les proteines 
heminiques. La production de molecules recombinantes 
ayant la capacite de fixer reversiblement l'oxygene, 
et necessitant 1 • assemblage, dans la cellule, de 
proteines heterologues et de porphyrines endogenes 
vegetales n'a jamais ete decrite. 
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L' invention concerne un procede de production, 
par des cellules veg§tales, de proteines heminigues 
recombinantes . Selon le procede de 1* invention, la 
cellule vegetale est modifiee genetiquement afin de 
pouvoir exprimer le composant proteique d'une proteine 
heminique. Le noyau porphyrique est produit par la 
cellule de maniere endogene, 1 • assemblage des 
composants proteiques et porphyriques ayant lieu 
spontaneroent gr&ce a leur af finite elevee l'un pour 
1 'autre. 

Plus particulierement, l 1 invention concerne un 
procede de production de proteines heminiques 
comprenant les etapes suivantes : 

i) introduction, dans des cellules vegetales, d'une ou 
plusieurs molecule(s) d'acide nucleique dont chacune 
comporte au moins une sequence codant un composant 
proteique d'une prot§ine heminique d'origine animale 
ou pour une variante ou une partie de ce composant 
proteique, et eventuellement une sequence codant un 
agent de selection ; 

ii) selection des cellules ayant integre 1'acide 
nucleique codant pour le composant proteique ; 

iii) propagation des cellules transf ormees, soit en 
culture, soit par la regeneration de plantes entieres 
transg§niques ou chimeriques ; 

iv) recuperation, et eventuellement purification, 
d'une proteine heminique comprenant un assemblage de 
la proteine ou des proteines codees par le susdit 
acide nucleique avec au moins un noyau porphyrique a 
fer, ou une pluralite de ces assemblages. 

L* invention concerne de preference un procede de 
production de proteines heminiques comprenant les 
Stapes suivantes : 

i) introduction, dans des cellules vegetales, d'une ou 
plusieurs molecule (s) d'acides nucleiques dont chacune 
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comporte au moins une sequence codant pour un 
composant proteigue d'une proteine heminique d'origine 
animale de preference capable de fixer reversiblement 
I'oxygene, ou pour une variante ou une partie de ce 
composant proteique, et eventuellement une sequence 
codant pour un agent de selection ; 

ii) selection des cellules contenant l'acide nucleique 
codant pour le composant proteique de la proteine 
heminique ; 

iii) eventuellement, propagation des cellules 
transf ormees, soit en culture, soit par la 
regeneration de plantes entieres transgeniques ou 
chimeriques ; 

iv) recuperation/ et eventuellement purification, 
d f une proteine heminique comprenant un complexe 
constitue de la proteine ou des proteines codees par 
le susdit acide nucleique et au moins un noyau 
porphyrique a fer, ou une pluralite de ces complexes. 

Dans le contexte de la presente invention, le 
terme "proteine heminique" signifie toute proteine 
ayant un noyau porphyrique a fer comme groupement 
prosthetigue, et en particulier la protoporphyrine IX 
telle qu'elle existe dans 1 •hemoglobine et la 
myoglobine humaine (figure 1) . Le noyau porphyrique 
peut egalement etre des derives de l'heroe de celles de 
l f heme humaine. De preference, les chalnes laterales 
sont hydrophobes. 

Les proteines heminiques de 1» invention englobent 
en particulier les proteines heminiques ayant comme 
fonction principale la fixation reversible de 
l f oxygene, c^st-a-dire la myoglobine et 

1 •hemoglobine, ainsi que les cytochromes dont le role 
est de transporter des electrons. Les derives de ces 
proteines conservant ces f onctionnalites sont aussi 
englobes par l 1 invention. 
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Selon une variant preferee, la proteine 
heminique de 1* invention est 1 •hemoglobine ou une 
proteine de type hemoglobine. Dans le contexte de 
1» invention, le tenne "proteine de type hemoglobine" 
englobe toutes les proteines heminiques presentant a 
la fois : 

i) une ou plusieurs chalne(s) d'cr- et/ou de ^-globine, 
ou de variantes de ces polypeptides, et 

ii) une ou plusieurs molecules de protoporphyrine IX a 
fer, ou de protoporphyrines se distinguant de la 
protoporphyrine IX par la nature des chaines 
laterales, 

iii) ayant une capacite de fixer reversiblement 
l f oxygene, de preference avec une af finite comprise 
entre 10 et 50 mm Hg a 37 °C, pH7.4. Plus 
particulierement, I'af finite est comprise entre 20 et 
30 mm Hg, a titre d'exemple, la P 50 du sang total a pH 
7.2 et de 26 ± 2 mm Hg. 

Dans ce qui suit, le terme "molecule de type 
hemoglobine" sera utilise de maniere synonyme avec le 
terme "derive de 1 'hemoglobine" . 

Dans ce contexte, une "variante" d'un composant 
proteigue, et particulierement de l'a- ou 0-globine, 
signifie une sequence en acides amines qui se 
differencie par rapport a la sequence naturelle, par 
une ou plusieurs substitution (s) , deletion (s) ou 
insertion (s) d 1 acides amines. En general, la variante 
presente au moins 90%, et de preference au moins 95% 
d^omologie, ou d'identite avec la sequence naturelle. 
Dans le contexte de la presente invention, le 
pourcentage d^omologie entre deux sequences d 1 acides 
amines est calcule comme etant le nombre d' acides 
amines identiques plus le nombre d 1 acides amines 
similaires dans l^lignement des deux sequences, 
divise par la longueur des sequences entre deux 
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positions donnees. Si, entre les deux positions 
donnees, les deux sequences n'ont pas la mem 
1 ngueur, le pourcentage d'homologie est le nombre 
d'acides amines identiques et similaires, divise par 
la longueur de la seqeunce la plus longue. Les acides 
amines consideres comme etant ,, similaires ,, sont connus 
dans l'art, voir par exemple R.F. Feng, M.S. Jobson 
and R.F. Doolittle ; J. Mol. Evol. ; 1985 ; 21 ; 
112-115. lis sont normalement consideres comme etant 
ceux qui, au sein d'une matrice de permutation, ont un 
coefficient de substitution positif. 

Le terme "variante" englobe aussi des fragments 
de chalnes polypeptidiques, par exemple de l'o- ou de 
la 0-globine, ayant normalement une longueur d*au 
moins 90% de la molecule mere. Les variantes peuvent 
egalement etre rendues plus longues que la molecule 
mere par !■ addition de sequences non-f onctionnelles . 
De preference, les variantes conservent les proprietes 
biologiques et immunologiques de la molecule mere. 

La premiere etape du procede de 1 1 invention 
consiste en 1 • introduction, dans des cellules 
vegetales, d'une ou plusieurs molecule (s) d'acide 
nucleique comportant au moins une sequence codant un 
composant proteique d'une proteine heminique de 
mammifere, ou pour une variante de ce composant. 

Lorsque la proteine heminique est une proteine a 
chalne unique, par exemple la myoglobine ou le 
cytochrome, l f acide nucleique introduit dans les 
cellules vegetales comporte normalement une copie de 
la sequence codant pour cette proteine. 

En revanche , lorsqu 1 i 1 s • agi t d 1 une proteine 
oligomerique ou multimerique, telle que 1 • hemoglobine 
ou des molecules du type hemoglobine, les sequences 
codant les differentes unites proteiques sont 
introduites dans la cellule vegetale, soit au sein de 
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la meme molecule d'acide nucleique, soit au sein de 
molecules d'acides - nucleiques distinctes. De 
preference, pour la production d 9 hemoglobine et ses 
derives, les sequences codant l'a- et ^-globine, ou 
leurs variantes, se trouvent au sein du meme vecteur, 
dit vecteur de co-expression. Le vecteur peut 
comporter une ou plusieurs copie(s) de chaque sequence 
codante. 

Alternativement , les sequences codant l*a- et la 
^-globine, ou leurs variantes, peuvent se trouver sur 
des molecules d'acides nucleiques distinctes. Selon 
cette variante, les deux molecules peuvent etre 
introduites dans la meme cellule vegetale, a condition 
de disposer d'un systeme de selection approprie. Une 
autre technique consiste en 1 1 introduction de l f une 
des molecules dans une premiere cellule vegetale, et 
1* autre dans une deuxieme cellule vegetale. Chacune 
des cellules transformees est ensuite regeneree en 
plante entiere, les plantes ainsi obtenues pouvant 
alors etre croisees pour donner lieu a une descendance 
capable de produire a la fois les chalnes a et fi. 
Cette approche peut Stre utilisee pour optimiser le 
rendement de 1 'hemoglobine. 

Les molecules d'acide nucleique introduites dans 
la cellule vegetale lors de la premiere 6tape du 
precede font egalement partie de !• invention. De 
manifere generale, ces acides nucleiques comportent : 

i) une ou plusieurs sequence (s) codant un composant 
proteique d'une proteine heminique animale, et 

ii) une ou plusieurs sequence (s) codant un signal 
d'adressage d'origine vegetale, et/ou des sequences 
regulatrices de transcription reconnues par une 
cellule vegetale. 

Plus particulierement, l'acide nucleique de 
1 • invention comporte : 
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i) une ou plusieurs sequence (s) codant un composant 
proteique d'une proteine heminique animale, ladite 
proteine ayant la capacite de fixer reversiblement 
l'oxygene, et 

ii) des sequences regulatrices de transcription 
reconnues par une cellule vegetale, comprenant un 
promoteur et des sequences regulatrices de 
terminaison, et 

iii) une ou plusieurs sequence (s) codant un signal 
d'adressage d'origine vegetale. 

De preference, les sequences codant le composant 
proteique codent l f o- ou la £-globine animale, par 
exemple humaine ou bovine, ou les variantes de 
celles-ci. De cette fa<?on, les proprietes de la 
molecule, et notamment l'af finite pour l'oxygene et la 
stabilite, peuvent etre optimisees. 

Parmi ces modifications, il est possible par 
exemple d'introduire dans l ! une ou dans les deux 
chalnes a- et 0-globine, par mutagenese dirigee, une 
ou deux difference (s) de sequences pour en diminuer 
I'af finite pour l*oxygene. Ces mutations peuvent etre 
choisies a partir d^xemples de mutations naturelles 
(voir tableau 1) , soit des mutations indiquees par 
l'examen du modele tridimensionnel de 1 'hemoglobine A 
naturelle. 
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Tableau I 



Quelques hemoglobines humaines mutees 
(Int. Hemoglobin Center, 1995) 



Hemoglobine 
anonaale 



Positions et 
residus nonnaux 



Remp 1 acexnent 



chalne a 



G Honolulu 

Norfolk 

Msoston 

Philadelphia 

°lndonesia 



16 Lys 

30 GlU 

57 Gly 

58 His 
68 Asn 

116 Glu 



GlU 
Gin 
Asp 
Tyr 
Lys 
Lys 



c 
s 

G San Jose 
E 

^Saskatoon 

Ziirich 

^Milwaukee 
Punjab 

Meguon 
Providence 



chalne p 

6 Glu 

6 Glu 

7 GlU 
26 Glu 
63 His 
63 His 
67 Val 

121 Glu 
41 Phe 
82 Lys 



Lys 
Val 
Gly 
Lys 
Tyr 
Arg 
Glu 
Gin 
Tyr 
Asp 
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D fa?on tres avantageuse, on utilisera les 
mutants dont les proprietes f onctionnelles 
correspondent aux conditions physiologiques du 
transport de l'oxygene : liaison reversible, 
cooperativite et faible vitesse d 'autooxydation. Panni 
les mutants, on utilisera de preference les doubles 
mutants cr 2 0 2 F 41Y ,K82D (c * est-a-dire un mutant dont la 
chaine 0 comporte les modifications suivantes : Phe-41 
est remplace par Tyr, et Lys-82 est remplace par Asp) 
ou a 2 0 2 F41Y,K66T (c 1 est-a-dire un mutant dont la chaine 
0 comporte les modifications suivantes : Phe-41 est 
remplace par Tyr, et Lys-66 est remplace par Thr) qui 
correspondent a ces caracteristiques f onctionnelles. 

La modification des chaines a et 0 peut aussi 
etre effectuee afin de stabiliser la molecule, c'est- 
a-dire d'eviter la dissociation du tetramere en 
dimeres de petites tailles rapidement filtres par les 
reins et limitant la duree de vie intra-vasculaire de 
1 f hemoglobine. Le pontage covalent, a l $ aide de 
phosphate ou de diaspirine, a ete demontre comroe etant 
une technique efficace pour stabiliser le tetramere 
(Benesch et Kwong, 1994) . Le meme resultat peut etre 
obtenu par le biais de modifications de la chaine en 
acides amines. Les sous-unites a sont produites sous 
forme dim^rique alpha-alpha liee par un residu glycyl. 
Sous cette forme, elles conservent leur capacite de 
s 1 assembler correctement aux sous-unites partenaires 
beta et a l'heme pour former une herooglobine soluble* 
Cette hemoglobine ne peut plus se dissocier en dimeres 
car la structure tetramerique est stabilisee par une 
liaison covalente (liaison peptidique) entre les 
dimeres alpha-beta. Cette technique permet d'augmenter 
la demie vie intra-vasculaire de la molecule. 
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Parmi les variantes, il est egalement possible 
d'utiliser une proteine hybride composee d'une partie 
de la chalne alpha et une partie de la chalne beta. 

Selon une variante preferee de 1' invention, 
l'acide nucleique comprend, outre les sequences codant 
I 1 a- ou ^-globine, des sequences codant des signaux 
d'adressage. De preference, ces signaux sont des 
signaux d'adressage chloroplastiques ou 

mitochondriaux. L'expression et/ou 1 • accumulation des 
proteines recombinantes dans ces organites est 
particulierement pr§feree en raison de la 
disponibilite de porphyrines a fer endogenes que l'on 
trouve ici. Le rendement en proteines heminiques est 
done augmente. En outre, l f adressage des proteines 
vers les chloroplastes et les mitochondries evite la 
glycosylation de la proteine, ce qui peut etre 
avantageux dans la mesure ou la molecule d 1 hemoglobine 
naturelle n'est pas glycosylee. 

Comme exemple de signaux d'adressage 
chloroplastiques, on peut citer la sequence codant 
pour le peptide transit du precurseur de la petite 
sous-unite de la ribulose 1, 5-biphosphate carboxylase 
de Pisum sativum (voir exemples) . Comme signaux 
d'adressage mitochondrial, on peut citer la sequence 
codant pour le peptide transit du precurseur de la 
sous-unite beta de I'ATP-aseFl mitochondriale de 
Nicotiana plumbaqinif olia (voir exemples) . 

Ces peptides transits, ainsi que la methionine 
N-terminale, sont normalement clives dans les 
chloroplastes ou les mitochondries. L'expression des 
proteines dans les plastes a done egalement 1 1 avantage 
de produire une molecule depourvue de la methionine 
N-terminale comme la molecule naturelle. 

Selon une autre variante, les sequences 
d'adressage peuvent etre des sequences codant un 
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peptide signal N-terminal ("propeptide"), 

eventuellement en association a un signal responsable 
de la retention de la protOine dans le reticulum 
endoplasmigue (signal du type KDEL) , ou un signal 
d'adressage vacuolaire ou "propeptide". La presence du 
peptide signal N-terminal ou propeptide permet la 
penetration de la proteine naissante dans le reticulum 
endoplasmigue oil ont lieu un certain nombre de 
maturations post-traductionnelles, notamment le 
clivage du peptide signal, les N-glycosylations , si la 
proteine en question prOsente des sites de N- 
glycosylation, et la formation des ponts disulfures. 
Parmi ces diffOrents signaux, le propeptide, 
responsable de l'adressage de la proteine dans le 
reticulum endoplasmique, est dominant. II s'agit 
normalement d'un peptide signal N-terminal hydrophobe 
ayant entre 10 et 4 0 acides aminOs et etant d f origine 
animale ou vOgOtale. De preference, il s'agit d"un 
propeptide d'origine vegetale, par exemple celui de la 
sporamine , de la lectine d • orge , de 1 ■ extensine 
vegetale, de 1'a-mating factor, de la proteine de 
pathogenese 1 ou 2 . 

Normalement, le peptide signal est clive par un 
signal peptidase des 1 1 introduction co-traductionnelle 
du polypeptide naissant dans la lumiere du RER. La 
proteine mature ne comporte plus cette extension N- 
terminale* 

Les sequences d'adressage peuvent, outre le 
propeptide, aussi comporter un signal de rOtention 
endoplasmique, consistant en les peptides KDEL, SEKDEL 
ou HEKDEL. Ces signaux se trouvent normalement a 
l'extremitO C-terminale de la protOine et subsistent 
sur la proteine mature. La prOsence de ce signal a 
tendance a augmenter les rendements en proteines 
recombinantes . 
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Les signaux d f adressage peuvent, outre le 
propeptide, comporter aussi un signal d'adressage 
vacuolaire ou "propeptide". En presence d'un tel 
signal, apres passage dans le RER, la proteine est 
adressee aux vacuoles des tissus aqueux, par exemple 
les feuilles, ainsi qu'aux corps proteiques des tissus 
de reserve, par exemple les graines, tubercules et 
racines. L'adressage de la proteine vers les corps 
proteiques de la graine est particulierement 
interessant en raison de la capacite de la graine a 
accumuler des proteines, jusqu'a 40% des proteines par 
rapport a la matiere seche, dans des organites 
cellulaires derives des vacuoles, appeles corps 
proteiques et en raison de la possibility de stocker 
plusieurs annees les graines contenant les proteines 
r ecombinantes a 1 1 etat deshydrate . 

Coxnme propeptide, on peut utiliser un signal 
d*origine animale ou vegetale, les signaux vegetaux 
etant particulierement preferOs, par exemple la pro- 
sporamine. Le propeptide peut etre N-terminal ( lf N- 
terminal targeting peptide" ou NTTP) , ou C terminal 
(CTTP) Dans la mesure ou les propeptides sont 
normalement clives des l 1 entree de la proteine dans la 
vacuole, il n'est pas present dans la proteine mature. 

L* utilisation du peptide signal ou propeptide, 
peut conduire a la glycosylation de la proteine. 
Normalement, la globine n'a pas de sites de N- 
glycosylation, mais ceux-ci peuvent etre introduits 
par mutagenese. Les chaines a et 0 peuvent aussi 
presenter des sites de O-glycosylation. 

En 1" absence de tout signal d f adressage, la 
proteine est exprimee dans le cytoplasme. 

L'acide nucleique introduit dans la cellule 
vegetale peut aussi comprendre des sequences 
regulatrices de transcription reconnues par la cellule 
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vegetale. L'acide nucleique est alors un "gene 
chimerique". Les sequences regulatrices comprennent un 
ou plusieurs pr omoteur ( s ) d'origine vegetale, virale 
ou provenant d % Agrobacter ium tumef aciens . II peut 
s'agir de promoteurs constitutif s , par exemple le 35S 
du CaMV, le double 35S, les promoteurs Nos ou OCS, ou 
des promoteurs specifiques de certains tissus comme le 
grain ou specifiques de certaines phases de 
developpement de la plante. Comme promoteurs 
specifiques de graines, on peut citer le promoteur du 
gene de la napin et de l f acyl carrier proteine (ACP) 
(EP-A-Q255378) , ainsi que les promoteurs des genes 
AT2S d 1 Arabidopsis thaliana , c'est-a-dire les 
promoteurs PAT2S1, PAT2S2, PAT2S3 et PAT2S4 (Krebbers 
et al., Plant Physiol- , 1988, vol- 87, pages 859-866) . 
II est particulierement prefere d'utiliser le 
promoteur de la cruciferine ou de la phaseoline ou 
pGEAl et pGEA6 d ' Arabidopsis , promoteurs de genes de 
type "Em, Early Methionine labelled protein" fortement 
exprimee au cours des phases de dessication de la 
graine. 

II peut §tre envisage d'utiliser des "enhancers" 
pour ameliorer l'efficacite d 1 expression. Lorsque la 
transformation a lieu directement dans les genomes 
chloroplastiques et mitochondriaux, des promoteurs de 
g&nes specifiques de ces compartiments peuvent etre 
utilises. 

Les sequences regulatrices de transcription 
comprennent normalement des sequences de terminaison 
de transcription qui sont d'origine vegetale ou 
virale, par exemple 35S, ou bact6rienne 
( Agrobacterium ) . 

Lorsque l'acide nucleique transformant ne 
comprend pas de sequences regulatrices, il est 
preferable d'ajouter sur chaque extremite de l'acide 
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nucleigue, une sequence d'ADN horoologue aux sequences 
genomigues qui jouxtent un site d 1 insertion 
particulier dans le genome* Ceci permet 1 9 integration 
du construit par recombinaison homologue, a un endroit 
oil des sequences regulatrices endogenes peuvent 
controler 1 % expression des sequences heterologues. 

Les acides nucleiques de 1 • invention peuvent 
egalement comprendre un ou plusieurs intron (s), de 
preference d'origine vegetale. Ces introns provenant 
d'un gene vegetal sont introduits artif iciellement 
afin d • augmenter l'efficacite de I 1 expression de la 
sequence heterologue. 

En effet, il a ete demontre, particulierement 
chez les monocotyledones que I 1 insertion d f un intron 
dans la partie 5'non traduite d'un gene, c'est-a-dire 
entre le site d' initiation de transcription et le site 
d' initiation de traduction, conduit a une amelioration 
de la stabilite du messager, et par consequence, a une 
meilleure expression* Le ou les introns utilise (s) de 
cette maniere proviennent de preference d'une 
monocotyledone telle que le mals. II s'agit de 
preference, mais pas obligatoirement , du premier 
intron du gene. 

La sequence d 1 acides nucleiques codant pour l f a- 
et la 0-globine et ses variantes est normalement de 
1 1 ADNc . Des sequences appropriees sont illustrees dans 
les figures 2 et 3, toute sequence degeneree peut 
aussi etre utilisee ainsi que les sequences des 
variantes telles que definies ci-dessus. 

L ( introduction de la ou des molecule (s) d 1 acides 
nucleiques dans la cellule vegetale peut s'effectuer 
de maniere stable soit par transformation du genome 
nucleaire, soit par transformation du genome 
chloroplastigue de la cellule v'getale, soit par 
transformation du genome mitochondrial. 
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Pour la transformation du genome nucleaire, des 
techniques classigues peuvent etre mises en oeuvre. 
Tous les moyens connus pour introduire de 1 1 ADN 
etranger dans les cellules vegetales peuvent etre 
utilises, par exemple Agrobacterium , electroporation, 
fusion de protoplastes, bombardement avec canon a 
particules, ou penetration d 1 ADN dans des cellules 
comme le pollen, la microspore, la graine et l'embryon 
immature. Les vecteurs viraux tels gue les Geminivirus 
ou les virus satellites peuvent egalement fetre 
utilises comme moyens d • introduction. Agr oba ct er ium 
tumef aciens et rhizogenes constituent le moyen 
prefere. Dans ce cas, la sequence de l 1 invention est 
introduite dans un vecteur approprie avec toutes les 
sequences regulatrices necessaires telles que 
promoteurs, terminateurs , etc... ainsi que toute 
sequence necessaire pour selectionner les 
transf ormants ayant integre les sequences 
heterologues . 

La transformation du genome nucleaire de la 
cellule vegetale est souvent effectuee en utilisant 
les signaux d'adressage mentionnes ci-dessus et qui 
determinent le compartiment cellulaire oil se fera 
1' expression et/ou 1 * accumulation de la proteine. 

Selon une autre variante de 1' invention, 
1 1 introduction de l'acide nucleique dans la cellule 
vegetale peut etre effectuee par la transformation des 
genomes mitochondriaux ou chloroplastiques (voir par 
exemple Carrer et al., Mol. Gen. Genet., 1993, 241, 
49-56) . 

Les techniques de transformation directe des 
chloroplastes ou mitochondries sont connues en soi et 
peuvent comprendre les etapes suivantes : 
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i) introduction de 1 • ADN transformant par la technique 
biolistigue (Svab et al., P.N.A.S., 1990, 87, 
8526-8530) ; 

ii) integration de 1 1 ADN transformant par deux 
evenements de recombinaison homologue ; 

iii) elimination selective des copies du genome 
sauvage au cours de divisions cellulaires repetees sur 
milieu selectif. 

Af in de permettre la recombinaison homologue de 
l'ADN transformant, deux fragments d'ADN homologues 
aux sequences genomiques, par exemple les genes rbcL 
et ORF 512 sont ajoutes a chaque extremite de 1 1 ADN a 
inserer dans le genome. 

La transformation directe des chloroplastes ou 
mitochondries presente 1 • avantage d • augmenter 
sensiblement le rendement en hemoglobine mais la 
methionine N-terminale est retenue. 

Selon une autre variante de 1' invention, I'acide 
nucleique heterologue peut etre introduit dans la 
cellule vegetale par 1 ' intermediaire d 1 un vecteur 
viral. 

Le procede de 1 • invention comprend une etape de 
detection des proteines heminiques et notamment de 
1 •hemoglobine et de ses derives. Ceci permet de 
verifier si la plante ou la cellule vegetale est 
capable non seulement d f exprimer les proteines 
heterologues, mais aussi de les assembler correctement 
avec le noyau porphyrique. Pour 1 1 hemoglobine dans un 
environnement complexe contenant d 1 autres chromophores 
ou des molecules diffusant la lumiere, on utilisera 
avantageusement la detection par spectroscopie optique 
resolue dans le temps. Cette technique est decrite en 
detail dans les exemples. D 1 autres techniques de 
detection consistent en 1 •utilisation d'anticorps 
specif iques pour les chaines alpha ou beta globine, ou 
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leurs variantes. Les techniques spectrometriques et 
immunologigues peuvent etre utilisees en association 
l*une avec 1* autre. La mise en oeuvre de ces 
techniques permet de selectionner les plantes qui sont 
capables de produire 1 'hemoglobine et ses derives 
selon 1 • invention . 

Le procede de 1 ' invention comprend en outre une 
6tape de recuperation ou d' extraction de 1 1 hemoglobine 
ou de ses derives des tissus vegetaux. L' extraction 
est normalement faite par broyage des tissus , par 
exemple feuilles ou grains, dans un tampon approprie, 
filtrage du broyat, precipitation des proteines dans 
le surnageant, centrifugation et reprise du culot dans 
un tampon approprie avec dialyse. Une etape de 
purification partielle peut aussi etre effectuee a ce 
stade par chromatographic sur colonne d'echangeuse 
d' anions. 

Le tetramere d 1 hemoglobine , ou de ses derives, 
est purifie par deux chromatographies successives sur 
resine echangeuse d'ions suivies par une etape de 
concentration et saturation du concentrat en monoxyde 
de carbone. Ces techniques sont decrites en detail 
dans les exemples. 

Lorsque l f expression de 1 'hemoglobine et de ses 
derives a lieu sous le controle d'un promoteur 
constitutif, tel que le promoteur double 35S, un taux 
d 1 expression d"au moins 1% d 'hemoglobine par rapport 
aux proteines totales peut etre obtenu* Les proteines 
representent environ 10% de la masse seche de la 
feuille et une tonne de feuilles seches de tabac est 
recoltee par hectare. II est done possible d'obtenir 
de l'ordre de 100 grammes d 'hemoglobine par hectare de 
tabac cultive en supposant purifier seulement 10% de 
1 'hemoglobine produite. 
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Le procede de 1 1 invention permet done la 
production d 'hemoglobine a des coats tres faibles avec 
une capacite de production plus elevee que celle 
obtenue en utilisant des fermenteurs pour la culture 
de bacteries ou de levure. 

Outre le procede de transformation, l 1 invention 
englobe aussi des vecteurs comprenant un ou plusieurs 
acide(s) nucleique(s) ou gene(s) chimerique (s) definis 
ci-dessus. Comme exemple de vecteurs, on peut citer 
des vecteurs binaires ou des plasmides, des vecteurs 
viraux tels que les gemini virus ou les CaMV. 

L 1 invention concerne egalement les cellules 
vegetales transf ormees avec les sequences d'acides 
nucleiques de 1' invention. De preference, il s'agit de 
cellules veg£tales transformees capables de produire 
une ou plusieurs hemoglobine(s) ou derives de 
1 •hemoglobine selon l f invention. 

II peut s f agir de cultures de cellules vegetales 
in vitro , par exemple en milieu liquide. Differents 
modes de culture ("batch", "fed batch" ou en continu) 
pour ce type de cellules sont actuellement a 1' etude. 
Les cultures en "batch" sont comparables a celles 
effectuees en erlenmeyer dans la mesure ou le milieu 
n*est pas renouvele, les cellules ne disposent ainsi 
que d'une quantite limitee d 1 elements nutritifs. La 
culture en "fed batch" correspond quant a elle a une 
culture en "batch" avec une alimentation programmee en 
substrat. Pour une culture en continu, les cellules 
sont alimentees en permanence avec du milieu nutritif. 
Un volume egal du melange biomasse-milieu est ote afin 
de maintenir le volume du reacteur constant. Les 
quantit§s de biomasse vegetale envisageables avec des 
cultures en bioreacteurs sont variables selon 1 1 espece 
vegetale, le mode de culture et le type de 
bioreacteur. Dans certaines conditions, des densites 
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de biomasse d 1 environ 10 a 30 g de poids sec par litre 
de cultur peuvent etre obtenus, pour des especes 
coxrune Nicotiana tabacum , Vinca rosea et Catharanthus 
roseus. 

Les cellules de 1 1 invention peuvent aussi etre 
immobilisfees, ce qui permet d'obtenir une production 
constante et prolongee de 1 'hemoglobine. La separation 
de l 1 hemoglobine et la biomasse vegetale est aussi 
facilitee. Coxnme methode d 1 immobilisation, on peut 
citer 1 1 immobilisation en billes d' alginate, d'agar, a 
l'interieur de mousse de polyurethane, ou bien encore 
dans des fibres creuses. 

Les cellules de l 1 invention peuvent egalement 
etre des cultures de racines. Les racines cultivees in 
vitro , en milieu liguide, sont nominees "Hairy roots 11 , 
ce sont des racines transformees par la bacterie 
Agrobacterium rhizogenes . 

Au lieu de produire 1 1 hemoglobine de 1 1 invention 
par culture de cellules vegetales, on peut regenerer 
des plantes chimeriques ou transgeniques a partir 
d'explants transformes, en ayant recours a des 
techniques connues en soi. 

Comme plantes appropriees, on peut citer les 
Angiospermes comprenant les monocotyledones et les 
dicotyledons. Plus particulierement , on peut citer le 
tabac, les especes appartenant aux families botaniques 
telles que les legumineuses (par exemple les haricots, 
pois, etc-..)/ les cruciferes (par exemple les choux, 
radis, colza, etc...), les solanacees (par exemple les 
tomates, pommes de terre, etc...)/ les cucurbitacees 
(par exemple le melon) , les chenopodiacees (par 
exemple la betterave potagere) , les ombellif eres (par 

exemple les carottes, celeris, etc ). On peut 

egalement citer les cereales telles que le ble, le 
mals, I'orge, le triticale et le riz, et les 



WO 97/04115 



PCI7FR96/01123 



24 

oleagineux tels que le tournesol et le soja. Le tabac, 
la pomme de terre, la tomate et: le mais sont 
particulierement pr£feres. Pour la pomme de terre, 
l 1 expression a lieu de preference dans les tubercules. 

L f invention concerne egalement les graines des 
plantes transgeniques capables de produire 
1 'hemoglobine ainsi que leurs descendances* 

L 1 invention vise egalement les proteines 
heminiques susceptibles d'etre obtenues par le procede 
de 1» invention, en particulier les proteines 
heminiques capables de fixer de maniere reversible 
l'oxygene, par exemple les hemoglobines et derives de 
celles-ci. 

Les hemoglobines de 1 ■ invention sont capables de 
fixer l'Oj de fa<?on reversible avec une af finite (P 50 ) 
de preference proche des valeurs physiologies (37°C) , 
pH 7,40). L'affinite de la molecule pour l f 0 2 est 
exprimee en P 50 : c'est-a-dire la pression partiell 
d'0 2 lorsque 1 'hemoglobine ou ses derives est saturee 
a 50%. La P 50 est mesuree selon les techniques 
habituelles, par exemple au moyen d'un analyseur qui 
mesure le pourcentage de saturation en 0 2 en fonction 
de la pression en 0 2 (Kister et al., 1987). 
Normalement, les hemoglobines de 1 ' invention 
presentent une vitesse d 'auto-oxydation acceptable 
pour minimiser la formation de methemoglobine impropre 
au transport de 1'0 2 . Cette caracteristique peut etre 
mesuree par le spectre d 1 absorption. 

De preference, les hemoglobines de l 1 invention 
sont des tetraraeres, de preference alpha 2 beta 2 , beta 4 , 
ou eventuellement des tetrameres de sous-unitfes 
chimeriques a/0 (Dumoulin et al., 1994, Art. Cells, 
Blood Subst. , and Imroob. Biotech., 22, 733-738) ou des 
multiples de 4 sous-unites. La taille physiqu du 
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complexe doit etre au xnoins celle du tetramere afin 
d'^viter sa filtration par les reins. 

Les proteines heminigues de 1 1 invention peuvent 
etre utilisees dans de nombreuses applications 
pharmaceutiques , cosmlstiques ou industrielles. 

L 1 invention concerne en particulier des compositions 
pharmaceutiques comprenant une ou plusieurs 
proteine(s) heminique(s) selon l'une quelconque des 
revendications 15 a 23 en association avec un 
excipient acceptable du point de vue physiologique. 

Dans le domaine pharmaceutique, toutes les 
conditions n§cessitant une amelioration du transport 
de l'oxygene peuvent etre traitees par les 
hemoglobines de 1' invention, ces conditions 
comprennent les suivantes : 

- hemorragies aigiies ou chroniques, 

- fetats de chocs , 

- angioplasties coronariennes ou sylviennes, 

- traitements des tumeurs solides, sensibilisation a 
la gamma-therapie, 

- conservation d'organes avant greffe et pendant le 
transport , 

- hemopathies malignes. 

Les hemoglobines de 1' invention sont normalement 
utilisees sous forme d' injection dans des solutions 
eventuellement stabilisees en ce qui concerne la forme 
t§tramerigue du complexe (par exemple, addition de 
pyridoxal phosphate ou diaspirine) en ce qui concerne 
1 'auto-oxydation. II est egalement possible d'utiliser 
des suspensions d 'hemoglobine greffee sur un support 
afin d»augmenter la duree de vie dans la circulation* 
Le support peut etre tout support conventionnel dans 
ce domaine, par exemple les polysaccharides. 

Differents aspects de 1 • invention sont illustr€s 
dans les figures : 
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- Figure 1 : Protoporphyrins III (IX) a fer, 

- Figure 2 : Sequence du cDNA de l'a-globine 
humaine (423 paires de bases) , et proteine 
corr espondante , 

- Figure 3 : Sequence du cDNA de la £-globine 
humaine (438 paires de bases) , et: proteine 
corr espondante , 

- Figure 4 : Dispositif experimental pour 
photolyse eclair. Un laser a impulsion sert pour la 
photodissociation des ligands de I'Hb : (HbCO - Hb + 
CO). Un deuxidme faisceau optique, oriente a 90° , 
detecte les changements d 1 absorption en fonction de 
temps apres dissociation. 

- Figure 5 : Cinetiques de recombinaison 
bimoleculaire du CO a 1 'hemoglobine dans l'extrait de 
plante. Les deux phases correspondent aux deux Stats 
allosteriques de l'Hb : R (rapide) et T (lente). 
Conditions : 0.1 atm CO, pH 6-6, 25 °C, environ 50% 
dissociation, 0-1, 1 et 10 *xM Hb. 

- Figure 6 : Cinetiques de recombinaison du CO a 
1 'hemoglobine en fonction du pourcentage de 
dissociation (par variation de l'energie laser). Les 
cinetiques sont sensibles au nombre de ligands 
dissocies (1 a 4). A fort niveau de dissociation, l»Hb 
(desoxy ou mono-ligandee) bascule vers la forme lente 
"T". A faible energie laser, les tetramSres 
(principalement avec trois ligands) restent dans la 
forme rapide "R". 

Figure 7 : Analyse par western blot de 
l^extrait des graines du tabac transgenique T26-22 
transforme par le plasmide pBIOC59, Les extraits de 
graines (75 fxg de proteines) d'un tabac non-transf orme 
(1) et d'un tabac transgenique (T26-22) (2), des 
marqueurs de poids moleculaire (3) et de 1'HbA (50 ng) 
(4) sont separes en electrophorese SDS-PAGE 17% en 
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conditions reductrices. Le western blot est realise 
dans les conditions decrites au chapitre X.a. Les 
xaarqueurs de poids moleculaire et les globines a et 
sont indiques. 

Figure 8 : Analyse par western blot des 
fractions obtenues lors de la purification partielle. 
Les proteines des fractions eluees de la Sephacryl 
S-100 (37 /ig) # de la S-Sepharose (30 M9) obtenues 
pendant la purification a partir des melanges de 
graines temoins [ respect ivement (2) et FE-Temoin (4)] 
et de graines accumulant la rHb [ respect ivement (3) et 
FE-rHb (5)], de l f HbA (50 ng) (1) et des marqueurs de 
poids moleculaire (6) ont ete separes en 
electrophorese SDS-PAGE 17% en conditions reductrices. 
Le western blot est effectue dans les conditions 
decrites dans le chapitre X.a. Les roarqueurs de poids 
moleculaires et les globines a et p sont indiques. 

• Figure 9 : Cinetique de recombinaison du CO a 
la fraction FE-rHb. La cinetique apres photolyse 
eclair est caracteristique de l f Hb tetramerique 
normale. La fraction FE-Temoin provenant des plantes 
de controle donne un signal d' amplitude de 1 mDO soit 
environ 50 fois plus faible que celle observee pour la 
fraction FE-rHb (48 mDO) . 

• Figure 10 : Cindtique de recombinaison du CO a 
la fraction FE— rHb a differents niveaux d'intensite de 
laser. Des resultats similaires sont observes pour 
1'HbA (figure 6) . 

Figure 11 : Demonstration de la liaison 
reversible de l $ oxygene a 1 1 echantillon FE-rHb. Comme 
les echantillons d 1 oxyhemoglobine ne donnent que des 
signaux faibles, nous avons utilise pour ces mesures 
la technique du melange d'une atmosphere CO et <Z % 0 2 . 
Apres photodissociation du CO, la phase rapide 
correspond a la liaison de l'oxygene. L'oxygene est 
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ensuite remplace par le CO qui peut etre photodissocie 
a nouveau. La figure -raontre egalement les cinetiques 
de recombinaison du CO du meme echantillon equilibre 
sous 1 atm ou 0.1 atm CO . 

EXEMPLES 

I. CONSTRUCTION DE PLASMIDES BXNAXRES D 9 EXPRESSION DE 
BASE PERMETTANT LA PRODUCTION DE PROTEINES 
RECOMBINANTES DANS LES FEUILLES DE TAB AC . 

L • expression de genes dans les feuilles de tabac 
necessite les sequences regulatrices suivantes : 

1) le promoteur constitutif double 35S (pd35S) du 
CaMV (virus de la mosaique du chou-f leur) . II 
correspond a une duplication des sequences activant la 
transcription situees en amont de l 1 element TATA du 
promoteur 35S naturel (Kay et al., 1987). 

2) la sequence terminatrice de transcription, 
terminateur polyA 35S, qui correspond a la region en 
3 1 non codante de la sequence du virus a ADN 
bicatenaire circulaire de la mosaique du chou-fleur 
produisant le transcrit 35S (Franck et al., 1980). 

Les constructions des differents plasmides via 
1 1 utilisation de techniques d 1 ADN recombinant 
(Sambrook et al., 1989) derivent de pBIOC4. Ce 
plasmide binaire derive de pGA492 (An, 1986) qui 
contient entre les bordures droite et gauche, issues 
du plasmide pTiT37 d 9 Agrobacterium tumef aciens , sur 
son ADN de transfert, les sequences suivantes : 

- le promoteur constitutif du gene nos codant 
pour la nopaline synthase (Depicker et al., 1982), 

- la sequence codante du gene nptll codant pour 
la neomycine phosphotransferase II (Berg et Berg, 
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1983) delStee de la region des 8 premiers codons dont 
le codon initiateur methionine ATG et fusionnee a la 
sequence des 14 premiers codons de la sequence codante 
du gene nos (Depicker et al., 1982), la sequence 
codante du gene nos depourvue de la region des 14 
premiers codons, le terminateur nos (Depicker et al., 
1982) , un polylinker (Hindlll-Xbal-SacI-Hpal-KpnI- 
Clal-Bglll) precedant le gene cat codant pour la 
chloramphenicol acetyltransf erase (Close et Rodriguez, 
1982) et les sequences terminatrices du gene 6 du 
plasmide pTiA6 d ' Aqrobacter ium tumef aciens (Liu et 
al., 1993). 

Pour eliminer la quasi-totalite de la sequence 
codante du gene cat, le plasmide pGA4 92 a ete 
doublement digere par SacI (site de restriction du 
polylinker) et par Seal (site de restriction present 
dans la sequence du gene cat) puis soumis a 1* action 
de 1' enzyme T4 DNA polymerase (New England Biolabs) 
selon les recommandations du fabricant. La ligation du 
plasmide modifie (20 ng) a ete realisee dans un 
milieu reactionnel de 10 ^1 contenant 1 /il de tampon 
T4 DNA ligase x 10 (Amersham) et 2,5 U d« enzyme T4 DNA 
ligase (Amersham) a 14 °C pendant 16 heures. Les 
bacteries, E. coli DH5q rendues prealablement 
competentes; , ont ete transformees (Hanahan, 1983) . 

L 1 ADN plasmidique des clones obtenus, 
sSlectionnes sur 12 fig /ml tetracycline, a ete extrait 
selon la m^thode de la lyse alcaline (Birnboim et 
Doly, 1979) et analyse par digestion enzymatique par 
des enzymes de restriction- Puis, le site de 
restriction Hindlll de 1 "ADN plasmidique du clone 
retenu a 6te modifie en un site de restriction EcoRI a 
l f aide d f un adaptateur Hindlll - EcoRI phosphoryl6 
(Stratagene Cloning Systems) . Pour realiser cette 
modification, 500 ng d'ADN plasmidique du clone retenu 
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ont ete digeres par Hindlll, d6phosphoryles par 
1' enzyme phosphatase alcaline d'int stin de veau 
(Boehringer Mannheim) selon les recommandations du 
fabricant et coprecipites en presence de 1500 ng d'ADN 
adaptateur Hindlll-EcoRI , 1/10 volume d 1 acetate de 
sodium 3M pH4 ,8 et 2,5 volumes d 1 ethanol absolu a 
-80°C pendant 30 min. Apres centrif ugation a 12000g 
pendant 30 min., 1 • ADN precipite a ete lave a 
1' ethanol 70%, seche, repris dans 8 Ml d'eau, porte a 
65°C pendant 10 min., puis ligue en presence de 1 jil 
de tampon T4 DNA ligase x 10 (Amersham) et 2,5 U 
d' enzyme T4 DNA ligase (Amersham) a 14 °C pendant 16 
heures. Apres inactivation de la T4 DNA ligase a 65 °C 
pendant 10 min., le melange reactionnel de ligation a 
ete digere par EcoRI, purifie par electrophorese sur 
gel d' agarose 0,8%, electroelue (Sambrook et al., 
1989) , precipite en presence de 1/10 de volume de 3M 
acfetate de sodium pH4,8 et de 2,5 volumes d f ethanol 
absolu a -80°C pendant 30 min., centrifuge a 12000g 
pendant 30 min., lave a I'ethanol 70%, puis seche. Les 
bacteries, £. coli DH5a rendues prealablement 
competentes, ont ete transformees (Hanahan, 1983) . 
L'ADN plasmidigue des clones obtenus, select ionnes sur 
12 /xg/ml tetracycline, a ete extrait selon la methode 
de la lyse alcaline (Birnboim et Doly, 1979) et 
analyse par digestion enzymatique par Hindlll et EcoRI 
notamment. Le plasmide binaire resultant, qui ne 
possede plus que les 9 derniers codons de la sequences 
codante du gene cat et dont le site EcoRI est unique, 
a ete appele pBIOC4 . 
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a- CONSTRUCTION DU PLASMIDE BINAIRE D 1 EXPRESSION 
pBIOC21. 

La cassette d 9 expression, constitute du promoteur 
pd35S et du terminateur polyA 35S, a ete isolee a 
partir du plasmide pJIT163D. Le plasmide pJIT163D 
derive du plasmide pJIT163 qui derive lui-meme du 
plasmide pJIT60 (Guerineau et Mullineaux, 1993) . Le 
plasmide pJIT163 possede un codon ATG entre les sites 
Hindlll et Sail du poly linker. Pour supprimer cet ATG 
et obtenir le plasmide pJIT163D, 1 1 ADN plasmidigue 
pJIT163 a ete digere doublement par Hindlll et Sail, 
purifi£ par electrophorese sur gel d* agarose 0,8%, 
electroelue (Sambrook et al., 1989), precipite en 
presence de 1/10 de volume de 3M acetate de sodium 
pH4,8 et de 2,5 volumes d^thanol absolu a -80 °C 
pendant 30 min., centrifuge a 12000g pendant 30 min. , 
lave a l^thanol 70%, seche, soumis a 1* action de 
1' enzyme Klenow (New England Biolabs) selon les 
recommandations du fabricant, deproteinise par 
extraction avec 1 volume de phenol : chloroforme: alcool 
isoamyligue (25:24:1) puis l volume de 
chloroforme: alcool isoamyligue (24:1), precipite en 
presence de 1/10 de volume de 3M acetate de sodium 
pH4,8 et de 2,5 volumes d'tthanol absolu a -80°C 
pendant 30 min., centrifuge a 12000g pendant 30 min., 
lave a I'ethanol 7 0%, seche, et enfin, ligue en 
presence de l /zl de tampon T4 DNA ligase x 10 
(Amersham) et 2,5 U d 1 enzyme T4 DNA ligase (Amersham) 
a 14°C pendant 16 heures. Les bacteries, E. coli DH5a . 
rendues prealablement competentes, ont ete 
transformees (Hanahan, 1983). L 1 ADN plasmidigue des 
clones obtenus, selectionnes sur 50 Mg/ml ampicilline, 
a ete extrait selon la methode de la lyse alcaline 
(Birnboim et Doly, 1979) et analyse par digestion 
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enzymatique par des enzymes de restriction. Pour 
isoler la cassette d* expression constitute du 
promoteur pd35S et du terminateur polyA 35S (fragment 
Sacl-Xhol) , l'ADN plasmidique du clone pJIT163D retenu 
a §te digere par SacI et Xhol. Le fragment Sacl-Xhol, 
portant la cassette d •expression, a ete purifie par 
electrophorese sur gel d 1 agarose 0,8%, electroelue 
(Sambrook et al. , 1989), precipite en presence de 1/10 
de volume de 3M acetate de sodium pH4 ,8 et de 2,5 
volumes d'ethanol absolu a -80°C pendant 30 min., 
centrifuge a 12000g pendant 30 min., lave a l'ethanol 
70%, seche, puis soumis a l 1 action de 1« enzyme Mung 
Bean nuclease (New England Biolabs) selon les 
recommandations du fabricant. Cet insert purifie (200 
ng) a ete clone dans 1 1 ADN plasmidique de pBIOC4 (20 
ng) digere par EcoRI, traite par 1* enzyme Mung Bean 
nuclease et dephosphoryle par I 1 enzyme phosphatase 
alcaline d'intestin de veau (Boehringer Mannheim) 
selon les recommandations du fabricant. La reaction de 
ligation a ete effectuee dans 20 til en presence de 2 
til de tampon T4 DNA ligase x 10 (Amersham) , de 2 /il de 
50% polyethylene glycol 8000 et de 5 U d 1 enzyme T4 DNA 
ligase (Amersham) a 14 °C pendant 16 heures. Les 
bacteries, E. coli DH5a rendues prealablement 
competentes, ont ete transformees (Hanahan, 1983) . 
L'ADN plasmidique des clones obtenus, selectionnes sur 
12 jig/ml tetracycline, a 6te extrait selon la methode 
de la lyse alcaline (Birnboim et Doly, 1979) et 
analyse par digestion enzyroatique par des enzymes de 
restriction. Le plasmide resultant a ete appele 
pBIOC21. 
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b. CONSTRUCTION DU PLASMIDE BINAIRE DE CO-EXPRESSION 
pBIOC43. 

Le plasmide binaire de co-expression permettra 
une expression de deux genes dans le meme vecteur 
binaire. 

Le plasmide binaire de co-expression derive de 
pBIOC21. II contient deux cassettes d' expression 
constitutes chacune d«un promoteur pd35S et d'un 
tenninateur polyA 35S mais different par le polylinker 
s6parant le promoteur du terminateur. L'une des 
cassettes d' expression est celle de pBIOC2l deja 
dicrite au paragraphe I. a. L 1 autre cassette 
d 1 expression a ete obtenue en remplaqrant le polylinker 
Hindlll-BamHI-Smal-EcoRI de pJIT163D (decrit au 
paragraphe I. a.) par un adaptateur Hindlll-EcoRI 
portant les sites de restriction Pad, AscI, Mlul et 
Hpal. Cet adaptateur a ete obtenu par renaturation des 
2 oligodesoxynucleotides WD11 (5 1 AGC TGA TTA ATT AAG 
GCG CGC CAC GCG TTA AC 3 • ) et WD12 (5' AAT TGT TAA CGC 
GTG GCG CGC CTT AAT TAA TC 3 1 ) qui sont 
complementaires pour leurs 2 8 nucleotides 3* 
terminaux. Cent fxM de chacun de ces deux 
oligodesoxynucleotides ont ete prealablement 
phosphoryles par action de 10 U d 1 enzyme T4 
polynucleotide kinase (New England Biolabs) dans un 
volume reactionnel total de 10 /xl contenant 1 ^1 de 
tampon T4 polynucleotide kinase x 10 (New England 
Biolabs) et 3 /il d 'ATP (95 mM) . Les deux melanges 
react ionnels ont ete incubes a 37 °C pendant 1 heure, 
puis a 65 °C pendant 20 min. lis ont ete ensuite 
rassembles et leur volume a ete complete a 500 fxl. 
Apres extraction avec l volume de 

phenol :chlorof orme:alcool isoamylique (25:24:1) et 1 
volume de chlorof orme: alcool isoamylique (24:1), 50 jil 
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d 3M acetate de sodium pH6.0 ont ete ajoutes. Le 
melange react ionnel a ete incube a 8 0 °C pendant 10 
min., puis refroidi lentement a temperature ambiante. 
L'ADN a ensuite ete precipite en presence de 2,5 
volumes d'ethanol absolu a -80°C pendant 30 min., 
centrifuge a 14000g a 4°C pendant 1 heure, lave a 
l'fethanol 70% , centrifuge a 14000g a 4°C pendant 10 
min., seche, repris dans 10 /xl de H20. Le fragment 
d , ADN Hindlll-EcoRI a ensuite ete clone aux sites 
Hindlll-EcoRI de I'ADN plasmidique pJIT163D 
prealableroent d^phosphoryle par 1' enzyme phosphatase 
alcaline d'intestin de veau (New England Biolabs) 
selon les recommandations du fabricant. La reaction de 
ligation a 6te effectuee dans un volume reactionnel de 
20 Ml en presence de 1 U de T4 DNA ligase (Gibco-BRL) 
pour une concentration totale d'ADN de 8 f 5 nM avec un 
rapport molaire vecteur/ insert de 1 et de 4 /xl de 
tampon T4 DNA ligase x 5 (Gibco-BRL) a 25 P C pendant 16 
heures. Les bacteries, E. coli DH5a rendues 
prealablement competentes, ont ete transformees 
(Hanahan, 1985) . L'ADN plasmidique des clones obtenus, 
selectionnes sur 100 /xg/ml ampicilline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatigue. Le clone 
resultant a ete appele pBIOC42. Sa validite a ete 
verifi^e par sequengage a l f aide du kit "Sequenase 
Version 2.0 DNA Sequencing 11 commercialise par United 
States Biochemical (USB) selon la methode des 
didesoxynucleotides (Sanger et al., 1977). Les 
conditions reactionnelles suivent les indications du 
fabricant excepte pour la denaturation et 
1 "hybridation. Le milieu reactionnel contenant 1 • ADN 
plasmidique (0,5 a 1 pmol s) , l'amorce 
oligonucleotidique (2 pmoles) , 10% de DMSO et le 
tampon reactionnel x 1 (USB) , est incube a 100 °C 
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pendant 10 min., puis refroidi brutalement a - 80°C 
dans la carboglace. 

A partir de pBIOC42, le fragment d'ADN codant 
pour la cassette d' expression constitute du promoteur 
pd35S et du terminateur polyA 35S a ete isole par 
double digestion par SacI et Xhol. II a ete purifie 
par electrophorese sur gel d' agarose 0,75%, puis 
soumis a 1* action du kit "Geneclean II" commercialise 
par BIO101 selon les indications du fabricant. Puis, 
ce fragment d'ADN a 6te insere aux sites SacI et Xhol 
du plasmide pBCSK+ commercialise par Stratagene et 
prealablement dephosphoryle par 1* enzyme phosphatase 
alcaline d'intestin de veau (New England Biolabs) 
selon les recommandations du fabricant. La ligation a 
ete realisee dans un volume reactionnel de 20 nl en 
presence de 1 U de T4 DNA ligase (Gibco-BRL) pour une 
concentration totale d'ADN de 8,5 nM avec un rapport 
molaire vecteur/ insert de 1 et de 4 /il de tampon T4 
DNA ligase x 5 (Gibco-BRL) a 25°C pendant 16 heures. 
Les bacteries, E. coli DH5a rendues prealablement 
competentes, ont ete trans formees (Hanahan, 1985) . 
L'ADN plasmidique des clones obtenus, selectionnes sur 
30 nq/ml de chloramphenicol, a ete extrait selon la 
m^thode de la lyse alcaline (Stephen et al., 1990) t 
analyse par digestion enzymatique par des enzymes de 
restriction. Le plasmide resultant a ete appele 
PBIOC75. 

A partir de pBIOC7 5, le fragment d 1 ADN portant la 
cassette d 1 expression constitute du promoteur pd35S et 
du terminateur polyA 3 5S a ete isolee par digestion 
par KpnI. II a ete purifie par electrophorese sur gel 
d 1 agarose 0,75%, puis soumis a 1' action du kit 
"Geneclean II" commercialise par BI0101 selon les 
indications du fabricant. Puis, ce fragment d'ADN a 
ete ligu' a 1 • ADN plasmidique de pBIOC21 digere par 
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Kpnl et dephosphoryle par 1' enzyme phosphatase 
alcaline d'intestin de veau (New England Biolabs) 
selon les recommandations du fabricant. La ligation a 
ete realisee dans un volume reactionnel de 2 0 m1 en 
presence de I U de T4 DNA ligase (Gibco-BRL) pour une 
concentration totale d 1 ADN de 8,5 nM avec un rapport 
molaire vecteur/ insert de 1 et de 4 /il de tampon T4 
DNA ligase x 5 ( Gibco-BRL) a 2 5 ° C pendant 1 6 heures . 
Les bacteries, E. coli DH5a rendues prealablement 
competentes, ont ete transformees (Hanahan, 1985) . 
L'ADN plasmidigue des clones obtenus, selectionnes sur 
12 de tetracycline, a ete extrait selon la 

methode de la lyse alcaline (Stephen et al., 1990) et 
analyse par digestion enzymatique par des enzymes de 
restriction. Le plasmide resultant a ete appele 
pBIOC4 3. 

II. CONSTRUCTION DES GENES CHIMERI QUE S CODAKT POUR LES 
C HAINES DE GLOBINE, a ET B , PERMETTANT UNE EXPRESSION 
DE 1 9 HEMOGLOBINE HUMAINE RECOMBINANT E DANS LE 
CYTOPLASME DES FEUILLES DE TABAC. 

Le plasmide alphalpJWIOl renferme le cDNA de la 
chalne a de globine clone dans le plasmide pMB9 comme 
decrit par Wilson et al. (1978) . 

Le phage M13mpl0 cIIFX b§ta renferme le cDNA de 
la chalne B de globine clone dans le phage M13 mplO 
comme decrit par Nagai et al. (1985) . Dans cette 
construction, I'ADNc codant pour la B globine a ete 
insere en 3 1 de la sequence codante pour la proteine 
ell du phage lambda, suivie de celle codant pour le 
tfetrapeptide FX, formant un gene de fusion dans leguel 
le codon initiateur ATG de la B globine a ete delete. 
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a. CONSTRUCTION DU PLASMIDE pBIOC44 CONTENANT LE cDNA 
CODANT POUR L'a GLOBINE POUR UN ADRESSAGE 
CYTOPLASMIQUE. 

Pour obtenir un adressage cytoplasmique de la 
chalne a de globine, le codon methionine initiateur de 
la chalne a globine a ete maintenu. 

Le cDNA codant pour la chalne a globine a 
adressage cytoplasmique a ete obtenu en trois etapes. 
Les deux premieres etapes ont permis de supprimer le 
site interne Hindlll (substitution d'un T en un C) en 
position 276 de la sequence codante tandis que la 
troisieme etape reunit les 2 fragments du cDNA codant 
pour la chalne a globine recombinante . 

La premiere etape a consiste en 1 1 amplification 
des 95 premiers codons de la chalne a globine mature 
sur le plasmide alphalpJWlOl a l f aide des 2 
oligodesoxynucleotides, WD13 (5* tacaagcttaaca ATG GTG 
CTG TCT CCg GCC GAC 3 1 ) et AD27 (5' CGG GTC CAC CCG 
GAG CTT GTG 3 ■ ) • L 1 amorce WD13 apporte le site de 
restriction Hindlll, la sequence aaca favorisant 
!■ initiation de la traduction (Joshi, 1987) et 
precedant le codon initiateur ATG suivi des 6 premiers 
codons de la chalne a globine mature dont le quatrieme 
(CCT) est substitue en CCg (mutation silencieuse) pour 
creer le site de restriction Eagl. L 1 amorce AD27 
permet la suppression du site de restriction Hindlll 
par substitution du nucleotide T en C (position 276 de 
la sequence codante) . L* amplification PCR a et6 
realisee dans 100 fxl de milieu reactionnel contenant 
10 ^1 de tampon Taq DNA polymerase x 10 (100 mM Tris- 
HC1 pH8,4, 500 mM KC1 et 20 mM MgCl2) , 16 /il du 
melange de dNTP (1,25 mM dATP, 1,25 mM dCTP, 1,25 mM 
dGTP et 1,25 mM dTTP) , 10 /il de chacune des amorces 
decrites ci-dessus a 10 mM, 10 /il d 1 ADN matrice 
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(alphalpJWlOl) a 1 ng/jil et 0,5 jxl de Tag DNA 
polymeras a 5 U//Ltl (Perkin Elmer) . Trente cycles 
comportant chacun 3 0 sec. de denaturation a 97 °C, l 
min. d 1 hybridation a 55 °C et 2 min. d 1 elongation a 
72 °C ont ete effectues dans I'appareil "Crocodile II" 
d'Appligene. Les fragments d'ADN amplifies ont ensuite 
ete purifies par electrophorese sur gel d 1 agarose 1,8% 
et action du kit "Geneclean II" commercialise par 
BI0101 selon les indications du fabricant. Les 
fragments d'ADN amplifies purifies sont repris dans 20 

Mi- 
La deuxieme etape a consiste en 1 1 amplification 
des 54 derniers codons de la chalne a globine mature 
sur le plasmide alphalpJWlOl a l'aide des 2 
oligodesoxynucleotides, AD26 (5' CAC AAG CTC CGG GTG 
GAC CCG 3 1 ) et WD 14 (5 1 gcgaattc TCA ACG GTA TTT GGA 
GGT CAG CAC 3 1 ). L 1 amorce WD14 apporte le site de 
restriction EcoRI situe juste apres le codon stop. 
L 1 amorce AD2 6 permet la suppression du site de 
restriction Hindlll par substitution du nucleotide T 
en_ C (position 276 de la sequence codante) . 
L 1 amplification PCR a ete realisee comme decrite dans 
la premiere etape* Le traitement des fragments d 1 ADN 
amplifies a ete effectue comme decrit dans la premiere 
etape . 

La troisieme etape a ete 1 1 amplification par PCR 
du cDNA complet codant pour la chalne a globine (142 
codons dont I'ATG initiateur) . Les deux types de 
fragments d • ADN amplifies dans les premiere et 
deuxieme etapes ont servi d 'ADN matrice et les deux 
amorces utilisees ont ete WD13 et WD14 • 
L 1 amplification PCR a ete realisee comme decrite dans 
la premiere etape excepte que la temperature 
d •hybridation du cycle est de 60 °C. Les fragments 
d 1 ADN amplifies ont ensuite 6te extraits par de 
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l 1 ether sature en H 2 0 apres avoir a juste le volume a 
500 Ml avec du tampon TE (10 mM Tris-HCl pH8,0, 1 mM 
EDTA) . Apres extraction avec 1 volume de 
ph£nol:chloroforme:alcool isoamyligue (25:24:1) et l 
volume de chlorof orme: alcool isoamylique (24:1), les 
fragments d 1 ADN ont ete precipites en presence de 1/10 
de volume de 3M acetate de sodium pH6,0 et de 2 
volumes d'ethanol absolu a - 80°C pendant 30 min., 
centrifuge a 14000g a 4°C pendant 30 min. , lave a 
l'6thanol 70%, centrifuge a 14000g a 4°C pendant 10 
min., seche, repris dans 50 jxl de H 2 0. Puis / 25 a*1 de 
ces fragments d 1 ADN ont ete digeres doublement par 
Hindlll et EcoRI, purifies par electrophorese sur gel 
d 1 agarose 1,8% et par action du kit "Geneclean II" 
(BIO101) et clones aux sites Hindlll et EcoRI du 
plasmide pNEB193 commercialise par New England 
Biolabs, et prealablement dephosphoryle par 1' enzyme 
phosphatase alcaline d 1 intestin de veau (New England 
Biolabs) selon les recommandations du fabricant. La 
ligation et la transformation ont ete realisees comme 
decrites au chapitre I. b. L • ADN plasmidique des 
clones obtenus, selectionnes sur 100 /xg/ml 
ampicilline, a ete extrait selon la methode de la lyse 
alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
pBIOC44. La sequence nucleotidigue du cDNA codant pour 
la chalne a globine recombinante a ete verifiee par 
sequengage a l f aide du kit "Sequenase Version 2.0 DNA 
Sequencing" commercialise par United States 
Biochemical (USB) comme decrit au chapitre I. b. Le 
sequengage a revele deux mutations silencieuses 
situees au quarante-huitieme nucleotide (C modifi6 en 
T) et au cinquante-quatrieme (T modifie en C) de la 
sequence codante pour la chalne a globine. 
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b, CONSTRUCTION DU PLASMIDE pBIOC4 5 CONTENANT LE cDNA 
CODANT POUR LA 6 ; GLOBINE POUR UN ADRESSAGE 
CYTOPLASMIQUE. 

Pour obtenir un adressage cytoplasmique de la 
chaine B de globine, le codon methionine a et~ 
fusionne au premier codon de la chaine B globine 
mature en maintenant la phase ouverte de lecture 
puisque l'ATG avait ete delete dans la construction 
M13mpl0 cIIFX beta. 

Le cDNA codant pour la chaine B globine a 
adressage cytoplasmigue a ete obtenu par amplification 
PCR des 14 6 codons constituant la chaine B globine 
mature sur le phage M13mpl0 cIIFX beta a l'aide des 2 
oligodesoxynucleotides, WD15 (5' gtcattaattaaca ATG 
GTG CAC CTG ACT CCT GAG GAG AAG TCg GCC GTT AC 3') et 
WD16 (5' aatgagctcgttaacgcgt TTA GTG ATA CTT GTG GGC 
CAG GGC 3'). L' amorce WD15 apporte le site de 
restriction Pad, la sequence aaca favorisant 
1" initiation de la traduction (Joshi, 1987) et le 
codon initiateur ATG suivi des 12 premiers codons de 
la chaine B globine mature dont le neuvieme (TCT) est 
substitue en TCg (mutation silencieuse) pour creer le 
site de restriction Eagl. L 1 amorce WD16 apporte les 
sites de restriction Mlul, Hpal et SacI places apres 
le codon stop. L 1 amplification PCR et le traitement 
des fragments d 1 ADN amplifies ont ete r^alisees comme 
decrits dans la troisieme etape du chapitre II. a. 
Puis, 25 Ml de ces fragments d'ADN ont ete digeres 
doublement par Pad et SacI, purifies par 
electrophorese sur gel d' agarose 1,8% et par action du 
kit "Geneclean II" (BIO101) et clones aux sites Pad 
et SacI du plasmide pNEB193 commercialise par New 
England Biolabs, prealablement dephosphoryle par 
!• enzyme phosphatase alcaline d'intestin de veau (New 
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England Biolabs) selon les recommandations du 
fabricant. La ligation et la transformation ont ete 
r6alisees comme decrites au chapitre I. b. L 1 ADN 
plasmidique des clones obtenus, selectionnes sur 100 
/xg/ml ampicilline, a ete extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
pBIOC45. La sequence nucleotidique du cDNA codant pour 
la chalne B globine recombinante a ete verifiee par 
s£quen<?age comme deer it au chapitre I. b. 

C . CONSTRUCTION DES PLASMIDES BINAIRES d ' EXPRESSION t 
pBIOC 4 6 ET PBIOC47, ET DU PLASMIDE BINAIRE DE CO- 
EXPRESSION PBIOC4 9 POUR L 1 ADRESSAGE CYTOPLASMIQUE . 

C . 1 . CONSTRUCTION DU PLASMIDE BINAIRE pBIOC4 6 
CONTENANT LE CDNA CODANT POUR L'a GLOBINE POUR UN 
ADRESSAGE CYTOPLASMIQUE. 

A partir de pBIOC44, le fragment Hindlll-EcoRI 
portant le cDNA codant pour la chalne a globine a 
adressage cytoplasmique a ete isole par double 
digestion en2ymatique par Hindlll et EcoRI # purifie 
par electrophorese sur gel d f agarose 1,8% et par 
action du kit "Geneclean II" (BIO101) . Puis, ce 
fragment d 1 ADN a ete ligue a 1 'ADN plasmidique de 
pBIOC21 doublement digere par Hindlll et EcoRI, et 
dephosphoryle par 1" enzyme phosphatase alcaline 
d'intestin de veau (New England Biolabs) selon les 
recommandations du fabricant. La ligation et la 
transformation ont ete realisees comme decrites au 
chapitre I. b. L 1 ADN plasmidique des clones obtenus, 
selectionnes sur 10 jig /ml tetracycline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatique* Le clone 
resultant a ete appele pBIOC4 6, La sequence 
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nucl§otidigue du cDNA codant pour la chalne a globine 
recombinante a ete verifiee par sequen<?age comme 
deer it au chapitre I. b. L'ADN plasmidique du vecteur 
binaire pBIOC46 a ete introduit par transformation 
directe dans la souche LBA44 04 d ' Agrobacterium 
tumef aciens selon le procede de Holsters et al. 
(1978). La validity du clone retenu a ete verifiee par 
digestion enzymatique de 1 1 ADN plasmidique introduit. 

C . 2 . CONSTRUCTION DU PLASMIDE BINAIRE pBIOC4 7 
CONTENANT LE CDNA CODANT POUR LA B GLOBINE POUR UN 
ADRESSAGE CYTOPLASMIQUE . 

A partir de pBIOC45, le fragment Hindlll-EcoRI 
portant le cDNA codant pour la chalne B globine a 
adressage cytoplasmique a ete isole par double 
digestion enzymatique par Hindlll (digestion totale) 
et EcoRI (digestion partielle) , purif ie par 
electrophorese sur gel d 1 agarose 1,8% et par action du 
kit "Geneclean II" (BIO101) . Puis, ce fragment d 1 ADN a 
fete ligue a 1 ' ADN plasmidique de pBIOC21 doublement 
digere par Hindlll et EcoRI, et dephosphorylfe par 
l 1 enzyme phosphatase alcaline d f intestin de veau (New 
England Biolabs) selon les recommandations du 
fabricant. La ligation et la transformation ont ete 
realisees comme decrites au chapitre I. b. 

L 1 ADN plasmidique des clones obtenus, 
selectionnes sur 10 /xg/ml tetracycline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatique. Le clone 
resultant a ete appele pBIOC47. La sequence 
nucleotidique du cDNA codant pour la chalne B globine 
recombinante a ete verifiee par sequen?age comme 
decrit au chapitre I. b. L f ADN plasmidique du vecteur 
binaire pBIOC47 a ete introduit par transformation 
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directe dans la souche LBA44 04 d ' Agrobacteriuro 
tumef aciens selon le procede de Holsters et al. 
(1978) . La validite du clone retenu a 6te verif iee par 
digestion enzymatigue de 1 1 ADN plasmidigue introduit. 

c.3. CONSTRUCTION DU PLASMIDE BINAIRE DE CO- 
EXPRESSION pBIOC4 9 CONTENANT LES cDNA CODANT POUR LES 
GLOBINES , a ET B, POUR UN ADRESSAGE CYTOPLASMIQUE. 

Le fragment Hindlll-EcoRI portant le cDNA codant 
pour la chalne a globine a adressage cytoplasmigue a 
£te isole a partir de pBIOC44 decrit au chapitre II. 
c. l. # et ligue a 1 1 ADN plasmidigue de pBIOC4 3 
doublement digere par Hindlll et EcoRI, t 
prealablement dephosphoryle par l 1 enzyme phosphatase 
alcaline d f intestin de veau (New England Biolabs) 
selon les recommandations du fabricant. La ligation et 
la transformation ont 6te realisees comme decrite au 
chapitre I. b. L 1 ADN plasmidigue des clones obtenus, 
select ionnes sur 12 fig /ml tetracycline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatigue. Le clone 
resultant a ete appele pBIOC4 8. 

Le fragment Pacl-Mlul portant le cDNA codant pour 
la chalne B globine a adressage cytoplasmigue a ete 
isole a partir de pBIOC4 5 decrit au chapitre II. c. 
2., et ligue a 1 1 ADN plasmidigue de pBIOC4 8 doublement 
diger6 par Pad et Mlul , et dephosphoryle par 1» enzyme 
phosphatase alcaline d*intestin de veau (New England 
Biolabs) selon les recommandations du fabricant. La 
ligation et la transformation ont ete realisees comme 
decrites au chapitre I. b, excepte gue la souche E. 
coli Sure tet" a ete utilisee a la place de DH5a. La 
souche Sure tef derive de la souche Sure (Stratagene) 
rendue sensible a la tetracycline par la perte de 
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l'fepisom F' • L'ADN plasmidique des clones obtenus, 
selectionnes sur 10 /xg/ml tetracycline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatique. Le clone 
resultant a ete appele pBIOC4 9. 

La sequence nucleotidique des cDNA codant pour 
les . chalnes a et 6 de globine recombinante a ete 
verifiee par sequen<?age comme decrit au chapitre I. b. 
L f ADN plasmidique du vecteur binaire pBIOC49 a ete 
introduit par transformation directe dans la souche 
LBA4404 d 1 Agrobacter ium tumef aciens selon le proced' 
de Holsters et al. (1978). La validite du clone retenu 
a ete verifiee par digestion enzymatique de 1 1 ADN 
plasmidique introduit . 

III. CONSTRUCTION DES GENES CHIMERIQUES CODANT POUR 
LES C HAINES DE GLOB INE , a ET B , PERMETTANT UNE 
EXPRESSION DE 1 9 HEMOGLOBINE HUMAINE RECOMBINANTS DANS 
LES MITOCHONDRIES DES PEUILLES DE TABAC. 

Pour obtenir un adressage mitochondrial , la 
sequence codant pour le peptide transit du precurseur 
de la sous-unite 6 de l'ATPase-Fl mitochondriale de 
Nicotiana plumbaginif olia (ATG GCT TCT CGG AGG CTT 
CTC GCC TCT CTC CTC CGT CAA TCG GCT CAA CGT GGC GGC 
GGT CTA ATT TCC CGA TCG TTA GGA AAC TCC ATC CCT AAA 
TCC GCT TCA CGC GCC TCT TCA CGC GCA TCC CCT AAG GGA 
TTC CTC TTA AAC CGC GCC GTA CAG TAC) est fusionnee au 
premier codon de la sequence codant pour d'une part, 
la chaine a globine mature (deletion de 1 • ATG 
initiateur) et d' autre part, la chaine fi globin 
mature (delation de 1 1 ATG initiateur) en maintenant 
les phases ouvertes de lecture. 
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La sequence codant pour la sous-unite 6 de 
I'ATPase Fl mitochondriale de Nicotiana 

plumbaginif olia est contenue dans le plasinide pTZ- 
catp2-l fourni par Boutry. Ce plasmide correspond au 
plasmide pTZ18R renfermant l'ADNc (cNPIO) comme decrit 
par Boutry et Chua (1985) . 

Le peptide transit N-terminal, compose de 54 
acides amines comme defini par Chaumont et al. (1994) , 
a ete utilise lors de la realisation des 
constructions • 

a. CONSTRUCTION DO PLASMIDE pBIOCSO CONTENANT LE cDNA 
CODANT POUR L'Q GLOBINE POUR UN ADRESSAGE 
MITOCHONDRIAL, 

Pour obtenir un adressage mitochondrial de la 
chaine a de globine, la sequence codant pour le 
peptide transit du precurseur de la sous-unite B de 
l'ATPase-Fl mitochondriale de Nicotiana 

plumbaginif olia a ete fusionnee au premier codon de 
la sequence codant pour la chaine a globine mature en 
maintenant la phase ouverte de lecture. La sequence de 
clivage entre les sequences du peptide transit et de 
la chaine a globine mature est Tyr - Val. 

La sequence codant pour le peptide transit du 
precurseur de la sous-unite B de l'ATPase-Fl 
mitochondriale a ete amplifiee par PCR sur le plasmide 
pTZ-catp2-l a l'aide des 2 oligodesoxynucleotides, 
WD17 (5 1 cgcaagcttaaca ATG GCT TCT CGG AGG CTT CTC 3 1 ) 
et WD18 (5 1 tag aat tC GGC cGG AGA CAG CAC GTA CTG TAC 
GGC GCG GTT TAA G 3 1 ), L' amorce WD17 apporte le site 
de restriction Hindlll, la sequence aaca favorisant 
1* initiation de la traduction (Joshi, 1987) et les 7 
premiers codons du peptide transit (dont 1 1 ATG 
initiateur) . L 1 amorce WD18 apporte le site de 
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restriction EcoRI, les 5 premiers codons de la 
sequence codant la chalne a globine mature (un site d 
restriction EagI est cree par mutation silencieuse 
dans le quatrieme codon (CCT modifie en CCg) et les 7 
derniers codons de la sequence du peptide transit. 
L' amplification PCR et le traitement des fragments 
d 1 ADN amplifies ont ete realisees comme decrits dans 
la troisieme etape du chapitre II. a. Puis, ces 
fragments d 1 ADN ont ete digeres doublement par Hindlll 
et EagI, purifies par electrophorese sur gel d 1 agarose 
1,8% et par action du kit "Geneclean II" (BIO101) et 
clones aux sites Hindlll et EagI du plasmide pBIOC44 
deer it au chapitre II. a., prealablement purifie par 
electrophorese sur gel d' agarose 0,75% et par le kit 
"Geneclean II". Le plasmide pBIOC44 a ete 
dephosphoryle par 1' enzyme phosphatase alcaline 
d f intestin de veau (New England Biolabs) selon les 
recommandations du fabricant. La ligation et la 
transformation ont ete realisees comme decrites au 
chapitre I. b. L f ADN plasmidique des clones obtenus, 
selectionnes sur 100 M9/ml ampicilline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatique. Le clone 
resultant a ete appele pBIOC50. La sequence 
nucleotidique de ce gene chimerique resultant de la 
fusion traductionnelle entre la sequence codant pour 
le peptide transit et le cDNA codant pour la chalne a 
globine mature a ete verifiee par sequencpage comme 
decrit au chapitre I. b. Le sequen?age a revele deux 
mutations silencieuses situees au dixieme nucleotide 
(C modifie en A) et au cent-quarante-et-unieme (C 
modifie en G) de la sequence codante pour le peptide 
transit. 
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b. CONSTRUCTION DU PIASMIDE pBIOCSl CONTENANT LE CDNA 
CODANT POUR LA B GLOBINE POUR UN ADRESSAGE 
MITOCHONDRIAL . 

Pour obtenir un adressage mitochondrial de la 
chalne 6 de globine, la sequence codant pour le 
peptide transit du precurseur de la sous-unite B de 
l'ATPase-Fl mitochondrial de Nicotiana 

plumbaginif olia a ete fusionnee au premier codon de 
la sequence codant pour la chaine 0 globine mature en 
maintenant la phase ouverte de lecture. La sequence de 
clivage entre les sequences du peptide transit et de 
la chalne £ globine mature est Tyr - Val. 

La sequence codant pour le peptide transit du 
precurseur de la sous-unite B de l'ATPase-Fl 
mitochondriale a et6 amplifiee par PCR sur le plasmide 
pTZ-catp2-l a l'aide des 2 oligodesoxynucleotides, 
WD19 (5 f gtcattaattaaca ATG GCT TCT CGG AGG CTT CTC 
GCC TCT C 3 1 ) et WD20 (5 1 aatgagct C GGC cGA CTT CTC 
CTC AGG AGT CAG GTG CAC GTA CTG TAC GGC GCG GTT TAA G 
3')» L 1 amorce WD19 apporte le site de restriction 
Pad, la sequence aaca favorisant 1 1 initiation de la 
traduction (Joshi, 1987) et precedant les 9 premiers 
codons du peptide transit (dont 1 1 ATG initiateur) . 
L'amorce WD20 apporte le site de restriction SacI , les 
10 premiers codons de la sequence codant la chalne p 
globine mature (un site de restriction EagI est cree 
par mutation silencieuse dans le neuvieme codon (TCT 
modifii en TCg)) et les 7 derniers codons de la 
sequence du peptide transit. L 1 amplification PCR et le 
traitement des fragments d'ADN amplifies ont et6 
realisees comme decrits dans la troisieme etape du 
chapitre II. a. Puis, ces fragments d f ADN ont ete 
digeres doublement par Pad et EagI, purifies par 
electrophorese sur gel d 1 agarose 1,8% et par action du 
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Kit "Geneclean II" (BIO101) et clones aux sites Pad 
et EagI du plasinide pBIOC4 5 deer it au chapitre II. b., 
prealablement purifie par electrophorese sur gel 
d' agarose 0,75% et par le kit "Geneclean II". Le 
plasmide pBIOC45 a ete dephosphoryle par 1' enzyme 
phosphatase alcaline d ! intestin de veau (New England 
Biolabs) selon les recommandations du fabricant. La 
ligation et la transformation ont ete realisees comae 
decrites au chapitre I. b. L'ADN plasmidique des 
clones obtenus, selectionnes sur 100 vg/ml 
ampicilline, a ete extrait selon la methode de la lyse 
alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
pBIOCSl. La sequence nucleotidique de ce gene 
chimerique resultant de la fusion traductionnelle 
entre la sequence codant pour le peptide transit et le 
cDNA codant pour la chalne B globine mature a 6te 
verifiee par sequen<?age comme deer it au chapitre I. b. 

c. CONSTRUCTION DU PLASMIDE BINAIRE DE CO-EXPRESSION 
PBIOC53 CONTENANT LES cDNA CODANT POUR LES GLOBINES , a 
ET 0, POUR UN ADRESSAGE MITOCHONDRIAL . 

Le fragment Hindlll-EcoRI portant le cDNA codant 
pour la chaine a globine a adressage mitochondrial a 
ete isole a partir de pBIOCSO decrit au chapitre III. 
a., et ligue a I'ADN plasmidique de pBIOC4 3 doublement 
digere par Hindlll et EcoRI, et dephosphoryle par 
l 1 enzyme phosphatase alcaline d'intestin de veau (New 
England Biolabs) selon les recommandations du 
fabricant. La ligation et la transformation ont §te 
realisees comme decrite au chapitre I. b, L • ADN 
plasmidique des clones obtenus, selectionnes sur 10 
Mg/ml tetracycline , a ete extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
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digestion enzymatique. Le clone resultant a ete appele 
PBIOC52. 

Le fragment Pacl-Mlul portant le cDNA codant pour 
la chalne 6 globine a adressage mitochondrial a ete 
isole a partir de pBIOCSl decrit au chapitre III. b. , 
et ligue a 1 1 ADN plasmidique de pBIOC52 doublement 
digere par Pad et Mlul, et dephosphoryle par 1' enzyme 
phosphatase alcaline d'intestin de veau (New England 
Biolabs) . La ligation et la transformation ont ete 
realisees comme decrites au chapitre II. c. 3 en 
utilisant la souche E. coli Sure tet" . L 1 ADN 
plasmidique des clones obtenus, selectionnes sur 10 
Mg/ml tetracycline, a ete extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
PBIOC53. 

La sequence nucleotidique des cDNA codant pour 
les chalnes a et B de globine recombinante permettant 
un adressage mitochondrial a ete verifiee par 
sequen<?age comme decrit au chapitre I. b. L'ADN 
plasmidique du vecteur binaire pBIOC53 a ete introduit 
par transformation directe dans la souche LBA44 04 
d * Agrobacterium tumef aciens selon le procede de 
Holsters et al. (1978). La validite du clone retenu a 
ete v§rifiee par digestion enzymatique de 1 1 ADN 
plasmidique introduit . 
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IV. CONSTRUCTION DES GENES CHIMERI QUES CODANT POUR LES 
CHAINES DE GLOBINE, a ET B y PERMETTANT UNE EXPRESSION 
DE 1 * HEMO GLOBINE HUMAINE RECOMBINANTE DANS LES 
CHLOROPLASTES DES FEUILLES DE TABAC. 

Pour obtenir un adressage chloroplastique , la 
sequence codant pour le peptide transit du precurseur 
de la petite sous-unite.de la ribulose 1 , 5-biphosphate 
carboxylase de Pisum sativum L. (ATG GCT TCT ATG ATA 
TCC TCT TCA GCT GTG ACT ACA GTC AGC CGT GCT TCT ACG 
GTG CAA TCG GCC GCG GTG GCT CCA TTC GGC GGC CTC AAA 
TCC ATG ACT GGA TTC CCA GTT AAG AAG GTC AAC ACT GAC 
ATT ACT TCC ATT ACA AGC AAT GGT GGA AGA GTA AAG TGC) 
est fusionnee au premier codon de la sequence codant 
pour d'une part, la chaine a globine mature (deletion 
de 1 'ATG initiateur) et d 1 autre part, la chaine B 
globine mature (deletion de 1 1 ATG initiateur) en 
maintenant les phases ouvertes de lecture. 

Ce peptide transit N-terminal, compose de 57 
acides amines comme def ini par Anderson et al. (1986) , 
a 6te isole a partir du plasmide pJIT117 (Guerineau et 
al., 1988) et utilise lors de la realisation des 
constructions . 

a. CONSTRUCTION DU PLASMIDE PBIOC55 CONTENANT LE cDNA 
CODANT POUR L'tt GLOBINE POUR UN ADRESSAGE 
CHLOROPLASTIQUE . 

Pour obtenir un adressage chloroplastique de la 
chaine a de globine, la sequence codant pour le 
peptide transit du precurseur de la petite sous-unite 
de la ribulose 1 , 5-biphosphate carboxylase de Pi sum 
sativum L. a ete fusionnee au premier codon de la 
sequence codant pour la chaine a globine mature en 
maintenant la phase ouverte de lecture. La sequence de 
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clivage entr les sequences du peptide transit et d 
la chalne a globine mature est Cys - Val. 

La sequence du peptide transit du precurseur de 
la petite sous-unite de la ribulose 1 , 5-biphosphate 
carboxylase a ete amplifiee par PCR sur le plasmide 
pJIT117 a l'aide des 2 oligodesoxynucleotides , WD21 
(5 f cgcaagcttaaca ATG GCT TCT ATG ATA TCC TCT TCA GC 
3') et WD22 (5' tag aat tC GGC cGG AG A CAG CAC GCA CTT 
TAC TCT TCC ACC ATT GC 3 1 )- L'amorce WD21 apporte le 
site de restriction Hindlll, la sequence aaca 
favorisant 1« initiation de la traduction (Joshi, 1987) 
et les 8 premiers codons du peptide transit (dont 
1 1 ATG initiateur) • L'amorce WD22 apporte le site de 
restriction EcoRI, les 5 premiers codons de la 
sequence codant la chalne a globine mature (un site de 
restriction EagI est cree par mutation silencieuse 
dans le quatrieme codon (CCT modif ie en CCg) ) et les 7 
derniers codons de la sequence du peptide transit. 
L 1 amplification PCR et le traitement des fragments 
d'ADN amplifies ont ete realises comme decrits dans la 
troisieme etape du chapitre II. a. 

Puis, ces fragments d'ADN ont ete diger^s 
doublement par Hindlll et EcoRI et clones aux sites 
Hindlll et EcoRI du plasmide pNEBl93 commercialise par 
New England Biolabs. Le plasmide pNEB193 a ete 
dephosphoryle comme decrit en II. a. La ligation et la 
transformation ont ete realisees comme decrites au 
chapitre I. b. L'ADN plasmidique des clones obtenus, 
selectionnes sur 100 Mg/ml ampicilline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatique. Le clone 
resultant a ete appele pBIOC54. La sequence 
nucleotidique de ce gene chimerique resultant de la 
fusion traductionnelle entre la sequence codant p ur 
le peptide transit et le cDNA codant pour la chaine a 
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globine mature a ete verifiee par s~guen<?age comae 
deer it au chapitre I. -b. 

A partir du plasmide pBIOC54 , le fragment 
Hindlll-EagI, portant la sequence codant pour le 
peptide transit du precurseur de la petite sous-unite 
de la ribulose 1, 5-biphosphate carboxylase et les 4 
premiers codons de la chalne a globine mature, a ete 
isole par double digestion, Hindlll (digestion totale) 
et EagI (digestion partielle) . Ce fragment Hindlll- 
EagI, purifie par electrophorese sur gel d f agarose 
1,8% et par action du kit "Geneclean II" (BIO101) , a 
ete clone aux sites Hindlll et EagI du plasmide 
pBIOC44 dephosphoryle comme decrit au chapitre II. a. 
La ligation et la transformation ont ete realisees 
comme decrites au chapitre I. b. L'ADN plasmidique des 
clones obtenus, selectionnes sur 100 /xg/ml 
ampicilline, a ete extrait selon la methode de la lyse 
alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
pBIOC55. La sequence nucleotidique de ce gene 
chimerique resultant de la fusion traductionnelle 
entre la sequence codant pour le peptide transit et le 
cDNA codant pour la chaine a globine mature a ete 
verifiee par sequen<?age comme decrit au chapitre I. b. 

b. CONSTRUCTION DU PLASMIDE PBIOC57 CONTENANT LE cDNA 
CODANT POUR LA B GLOBINE POUR UN ADRESSAGE 
CHLOROPLASTIQUE . 

Pour obtenir un adressage chloroplastigue de la 
chaine B de globine, la sequence codant pour le 
peptide transit du precurseur de la petite sous-unit§ 
de la ribulose 1, 5-biphosphate carboxylase de Pisuro 
sativum L. a 6te fusionnee au premier codon de la 
sequence codant pour la chaine B globine mature en 
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maintenant la phase ouverte de lecture. La sequence de 
clivage entre les sequences du peptide transit et de 
la chalne 6 globine mature est Cys - Val. 

La sequence codant pour le peptide transit du 
precurseur de la petite sous-unite de la ribulose 
1, 5-biphosphate carboxylase a ete amplifiee par PCR 
sur le plasmide pJIT117 a l'aide des 2 
oligodesoxynucleotides, WD23 (5 1 gtcattaattaaca ATG 
GCT TCT ATG ATA TCC TCT TCA GCT GTG 3') et WD24 (5 f 
aatgagct C GGC CGA CTT CTC CTC AGG AGT CAG GTG CAC GCA 
CTT TAC TCT TCC ACC 3'). L 1 amorce WD23 apporte le site 
de restriction Pad, la sequence aaca favorisant 
l 1 initiation de la traduction (Joshi, 1987) et 
precedant les 10 premiers codons du peptide transit 
(dont 1 1 ATG initiateur) • L*amorce WD24 apporte le site 
de restriction SacI, les 10 premiers codons de la 
sequence codant la chaine 0 globine mature (un site de 
restriction EagI est cree par mutation silencisuse 
dans le neuvieme codon (TCT modifie en TCg) ) et les 6 
derniers codons de la sequence du peptide transit. 
L 1 amplification PCR et le traitement des fragments 
d'ADN amplifies ont ete realises comme decrits dans la 
troisieme etape du chapitre II. a. Puis, ces fragments 
d , ADN ont ete diger6s doublement par Pad et SacI, 
purifies par electrophorese sur gel d 1 agarose 1,8% et 
par action du kit "Geneclean II" (BIO101) et clones 
aux sites Pad et SacI du plasmide pNEB193 
commercialise par New England Biolabs. Le plasmide 
pNEB193 a ete dephosphoryle comme decrit en II, a. La 
ligation et la transformation ont ete realisees comme 
decrites au chapitre I. b. L'ADN plasmidique des 
clones obtenus, selectionnes sur 100 jxg/ml 
ampicilline, a ete extrait selon la methode de la lyse 
alcaline (Stephen et al., 1990) et analyse par 
digestion enzyroatique. Le clone resultant a ete appele 
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pBIOC56. La sequence nucleotidique de ce gene 
chimerique resultant de la fusion traductionnelle 
entre la sequence codant pour le peptide transit et le 
cDNA codant pour la chalne 6 globine mature a ete 
verifiee par sequen<?age comme deer it au chapitre I. b. 

A partir du plasmide pBIOC56, le fragment Pad- 
EagI, portant la sequence du peptide transit du 
precurseur de la petite sous-unite de la ribulose 
1 , 5-biphosphate carboxylase et les 9 premiers codons 
de la sequence codant la chaine B globine mature, a 
ete isole par double digestion, Pad (digestion 
totale) et EagI (digestion partielle) • Ce fragment 
PacI-EagI, purifie par electrophorese sur gel 
d* agarose 1,8% et par action du kit "Geneclean II" 
(BI0101) , a ete clone aux sites Pad et EagI du 
plasmide pBIOC4 5 dephosphoryle comme deer it au 
chapitre II. a. La ligation et la transformation ont 
ete realisees comme decrites au chapitre I. b. L 9 ADN 
plasmidique des clones obtenus, selectionnes sur 100 
/xg/ml ampicilline, a ete extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a £te appele 
pBIOC57. La sequence nucleotidique de ce gene 
chimerique resultant de la fusion traductionnelle 
entre la sequence codant pour le peptide transit et le 
cDNA codant pour la chalne R globine mature a 6t6 
verifiee par s€quen<?age comme deer it au chapitre I. b. 
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c. CONSTRUCTION DU PIASMIDE BINAIRE DE CO-EXPRESSION 
PBIOC59 CONTENANT LES cDNA CODANT POUR LES GLOBINES, a 
ET B, POUR UN ADRESSAGE CHLOROPLASTIQUE . 

Le fragment Hindlll-EcoRI portant le cDNA codant 
pour la chaine a globine a adressage chloroplastigue a 
ete isole a partir de pBIOC55 deer it au chapitre IV, 
a. , et ligue a 1 1 ADN plasmidique de pBIOC4 3 doublement 
digere par Hindlll et EcoRI, et dephosphoryle comme 
decrit en II. a. La ligation et la transformation ont 
ete realisees comme decrite au chapitre I. b. L'ADN 
plasmidique des clones obtenus, selectionnes sur 10 
tig /ml tetracycline, a ete extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a 6te appele 
PBIOC58. 

Le fragment Pacl-Mlul portant le cDNA codant pour 
la chaine 6 globine a adressage chloroplastique a ete 
isole a partir de pBIOC57 decrit au chapitre IV. b. , 
et ligue a 1 1 ADN plasmidique de pBIOC58 doublement 
digere par Pad et Mlul , et dephosphoryle comme decrit 
en II. a. La ligation et la transformation ont ete 
realisees comme decrites au chapitre II. c. 3 en 
utilisant la souche E. coli Sure tet". L'ADN 
plasmidique des clones obtenus, selectionnes sur 10 
jig/ml tetracycline, a ete extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
pBIOC59. 

La sequence nucleotidique des cDNA codant pour 
les chalnes a et & de globine recombinante permettant 
un adressage chloroplastique a ete verifiee par 
sequenc?age comme decrit au chapitre I. b. L 1 ADN 
plasmidique du vecteur binaire pBIOC59 a ete introduit 
par transformation directe dans la souche LBA4404 
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d' Agrobacterium tumef aciens selon le procede de 
Holsters et al. (1978). La validite du clone retenu a 
ete verifiee par digestion enzymatique de 1 1 ADN 
plasmidique introduit. 

V. CONSTRUCTION DBS GENES CHIHERZ QUES CODANT POUR LES 
CHAINES DE GLOBINE, a ET B, PERMETTANT UNE EXPRESSION 
DE l'HEMOGLOBXNE HUMAINE RECOMBINANTS POUR LA 
SECRETION DANS LES FEUILLES DE TABAC. 

Pour obtenir la secretion, la sequence codant 
pour le peptide signal (PS) de la sporamine A des 
racines tuberisees de la patate douce (Murakami et 
al., 1986 ; Matsuoka et Nakamura, 1991) (ATG AAA GCC 
TTC AC A CTC GCT CTC TTC TTA GCT CTT TCC CTC TAT CTC 
CTG CCC AAT CCA GCC CAT TCC) , est fusionnee au premier 
codon de la sequence codant pour d'une part, la chalne 
a globine mature (deletion de 1 1 ATG initiateur) et 
d 1 autre part, la chalne 0 globine mature (deletion de 
1 * ATG initiateur) en maintenant les phases ouvertes de 
lecture. Ce peptide signal de 2 3 acides amines a ete 
isole a partir du plasmide pMAT103 (Matuoka et 
Nakamura, 1991) et utilise lors de la realisation des 
constructions . 

a. CONSTRUCTION DU PLASMIDE PBIOC60 CONTENANT LE cDNA 
CODANT POUR L'ct GLOBINE POUR LA SECRETION. 

Pour obtenir la secretion de la chalne a de 
globine, la sequence codant pour le peptide signal de 
la sporamine A de la patate douce a ete fusionnee au 
premier codon de la chaine a de globine mature en 
maintenant la phase ouverte de lecture. La sequence de 
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clivag entre les sequences du peptide signal et de la 
chalne o de globine mature est Ser-Val. 

La sequence codant pour le peptide signal (PS) de 
la sporamine A des racines tuberisees de patate douce 
a ete amplifiee par PCR sur le plasmide pMAT103 a 
l f aide des 2 oligodesoxynucleotides, WD25 (5* 
cgcaagcttaaca ATG AAA GCC TTC ACA CTC GC 3 » ) et WD26 
(5 1 tagaattC GGC cGG AGA CAG CAC GGA ATG GGC TGG ATT 
GGG CAG G 3 f ). L* amorce WD25 apporte le site de 
restriction Hindlll, la sequence aaca favorisant 
1» initiation de la traduction (Joshi, 1987) et les 6 
premiers codons du peptide signal (dont 1 1 ATG 
initiateur) . L'amorce WD26 apporte le site de 
restriction Ecori, les 5 premiers codons de la 
sequence codant la chalne a globine mature (un site de 
restriction EagI est cree par mutation silencieuse 
dans le quatrieme codon (CCT modif ie en CCg) ) et les 7 
derniers codons de la sequence du peptide signal. 
L 1 amplification PCR et le traitement des fragments 
d'ADN amplifies ont ete realisees comme decrits dans 
la troisieme etape du chapitre II. a. Puis, ces 
fragments d'ADN ont ete digeres doublement par Hindlll 
et EagI, purifies par electrophorese sur gel d* agarose 
1,8% et par action du kit "Geneclean II" (BIO101) et 
clones aux sites Hindlll et EagI du plasmide pBIOC44 
dephosphoryle decrit au chapitre II. a. La ligation et 
la transformation ont ete realisees comme decrites au 
chapitre I. b. L'ADN plasmidique des clones obtenus, 
selectionnes sur 100 Mg/rol ampicilline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatique. Le clone 
resultant a ete appele pBIOC60. La sequence 
nuclfeotidique de ce gene chimerique resultant de la 
fusion traductionnelle entre la sequence codant pour 
le peptide signal et le cDNA codant pour la chalne a 
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globine mature a 6te verifiee par sequengage comme 
deer it au chapitre I. b. 

b. CONSTRUCTION DU PIASMIDE pBIOC61 CONTENANT LE cDNA 
CODANT POUR LA B GLOBINE POUR LA SECRETION, 

Pour obtenir la secretion de la chalne p de 
globine, la sequence codant pour le peptide signal de 
la sporamine A de la patate douce a 6te fusionnee au 
premier codon de la chalne 0 de globine mature en 
maintenant la phase ouverte de lecture. La sequence de 
clivage entre les sequences du peptide signal et de la 
chalne 0 de globine mature est Ser-Val. 

La sequence codant pour le peptide signal (PS) de 
la sporamine A des racines tuberisees de patate douce 
a 6te amplifiee par PCR sur le plasmide pMAT103 a 
l'aide des 2 oligodesoxynucleotides, WD27 (5 1 
gtcattaattaaca ATG AAA GCC TTC ACA CTC GC 3 1 ) et WD28 
(5 1 aatgagct C GGC cGA CTT CTC CTC AGG AGT CAG GTG CAC 
GGA ATG GGC TGG ATT GGG CAG G 3 1 )- L 1 amorce WD27 
apporte le site de restriction Pad, la sequence aaca 
favor isant 1' initiation de la traduction (Joshi, 1987) 
et les 6 premiers codons du peptide signal (dont 1 1 ATG 
initiateur) . L 1 amorce WD28 apporte le site de 
restriction SacI, les 10 premiers codons de la 
sequence codant la chalne 0 globine mature (un site 
EagI est cree par mutation silencieuse dans le 
neuvieme codon (TCT modifie en TCg) ) et les 7 derniers 
codons de la sequence du peptide signal. 
L 1 amplification PCR et le traitement des fragments 
d 1 ADN amplifies ont ete realises conune decrits dans la 
troisieme §tape du chapitre II. a. Puis, ces fragments 
d 1 ADN ont ete digeres doublement par Pad et EagI, 
purifies par electrophorese sur gel d 1 agarose 1,8% et 
par action du kit "Geneclean II" (BIO101) et clones 
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aux sites Pad et EagI du plasmide pBIOC45 
dephosphoryle decrit au chapitre II. b. La ligation et 
la transformation ont ete realisees comme decrites au 
chapitre I. b. L'ADN plasmidique des clones obtenus, 
selectionnes sur 100 ng/ral ampicilline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al„, 
1990) et analyse par digestion enzymatique. Le clon 
resultant a ete appele pBIOC61. La sequence 
nucleotidique de ce gene chimerique resultant de la 
fusion traductionnelle entre la sequence codant pour 
le peptide signal et le cDNA codant pour la chalne B 
globine mature a ete verifiee par s§quenc?age comme 
decrit au chapitre I. b- 

C. CONSTRUCTION DU PLASMIDE BINAIRE DE CO-EXPRESSION 
PBIOC63 CONTENANT LES cDNA CODANT POUR LES GLOBINES , a 
ET fi, POUR LA SECRETION. 

Le fragment Hindlll-EcoRI portant le cDNA codant 
pour la chalne a globine pour la secretion a ete isole 
a partir de pBIOC60 decrit au chapitre V. a., et ligue 
a 1 1 ADN plasmidique de pBIOC4 3 doublement digere par 
Hindlll et EcoRI, et dephosphoryle comme decrit en II. 
a. La ligation et la transformation ont ete realisees 
comme decrites au chapitre II. c* 3 en utilisant la 
souche E. coli Sure tet.. L ' ADN plasmidique des clones 
obtenus, selectionnes sur 10 Mg/rol tetracycline, a 6te 
extrait selon la methode de la lyse alcaline (Stephen 
et al., 1990) et analyse par digestion enzymatique. Le 
clone resultant a ete appele pBI0C62. 

Le fragment Pacl-Mlul portant le cDNA codant pour 
la chalne B globine pour la secretion a ete isole a 
partir de pBIOC6l decrit au chapitre V. b. , et ligu§ a 
1 'ADN plasmidique de pBIOC62 doublement diger' par 
Pad et Mlul, et dephosphoryle comme decrit en II. a. 
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La ligation et la transformation ont ete realisees 
comme decrites au chapitre I. b. L 1 ADN plasmidique des 
clones obtenus, selectionnes sur 10 Mg/ml 
tetracycline, a ete extrait selon la methode de la 
lyse alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
pBIOC63. 

La sequence nucleotidique des cDNA codant pour 
les chaines a et 6 de globine pour la secretion a ete 
verifiee par sequenqrage comme deer it au chapitre I. b. 
L' ADN plasmidique du vecteur binaire pBIOC63 a ete 
introduit par transformation directe dans la souche 
LBA4404 d 1 Agrobacter ium tumef aciens selon le procede 
de Holsters et al. (1978). La validite du clone retenu 
a ete verifiee par digestion enzymatique de l'ADN 
plasmidique introduit . 

VI. CONSTRUCTION DES GENES CHIMERI QUE S CODANT POUR LES 
CHAINES DE GLOBINE, a ET fi, PERMETTANT UNE EXPRESSION 
DE 1 9 HEHOGLOBINE HUKAINE RECOMBINANTE DANS LE 
RETICULUM ENDOPLASMI QUE DES FEUILLES DE TABAC. 

La sequence codant pour le signal KDEL (Lys-Asp- 
Glu-Leu) placee a l'extremite C-terminale des chaines 
a et 6 de globine en amont du codon stop combinee a la 
presence de la sequence codant pour le peptide signal 
N-terminal (PS) de la sporamine A des racines 
tuberisees de patate douce permet un adressage dans le 
reticulum endoplasmique. 
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a. CONSTRUCTION DU PLASMIDE pBIOC65 CONTENANT LE cDNA 
CODANT POUR L'a GLOBINE P ERMETT ANT LA RETENTION DANS 
LE RETICULUM ENDOPLASMIQUE . 

Pour obtenir une retention dans le reticulum 
endoplasmique, la sequence codant pour le signal KDEL 
(5 1 aaa gat gag eta 3') a ete placee avant le premier 
codon stop (TGA) de la chaine a globine mature en 
maintenant la phase ouverte de lecture. 

Le plasmide contenant le cDNA codant pour la 
chaine a globine qui renferme la sequence codant pour 
le signal KOEL placee avant son premier codon stop a 
ete obtenu en suivant les memes etapes que pour la 
fabrication du plasmide pBIOC44 decrit en II. a. , 
excepte que l 1 amorce WD29 (5' gegaatte TCA tag etc ate 
ttt ACG GTA TTT GGA GGT CAG CAC 3 1 ) remplace I 1 amorce 
WD14. L 1 amorce WD29 apporte le site de restriction 
EcoRI et la sequence KDEL situes respect ivement apres 
et avant le codon stop. 

Le plasmide resultant obtenu a ete appele 
pBIOC64. La sequence nucleotidique du gene chimerique 
entre le cDNA codant pour la chaine a globine et la 
sequence codant pour le signal KDEL a ete verifiee par 
sequenq:age comme decrit au chapitre I. b. 

Puis, le plasmide pBIOC64 a ete modifie comme 
decrit en V. a. par fusion traductionnelle avec le 
peptide signal de la sporamine A des racines 
tuberisees de patate douce pour conduire au plasmide 
pBIOC65 permettant un adressage dans le reticulum 
endoplasmique. La sequence nucleotidique du gene 
chimerique entre la sequence codant pour le peptide 
signal, le cDNA codant pour la chaine a globine mature 
et la sequence codant pour le signal KDEL a 6te 
verifiee par sequenqrage comme decrit au chapitre I. b. 
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La sequenc de clivage entre les sequences du peptid 
signal et de la chalne a globine mature est: Ser - Val. 

b. CONSTRUCTION DU PLASMIDE pBIOC67 CONTENANT LE cDNA 
CODANT POUR LA fi GLOBINE PERMETTANT LA RETENTION DANS 
LE RETICULUM ENDOPLASMIQUE. 

Pour obtenir une retention dans le reticulum 
endoplasmique, la sequence codant pour le signal KDEL 
(5 1 aaa gat gag eta 3') a ete placee avant le premier 
codon stop (TAA) de la chalne B globine mature en 
maintenant la phase ouverte de lecture. 

Le plasmide contenant le cDNA codant pour la 
chalne & globine qui renferme la sequence codant pour 
le signal KDEL avant son premier codon stop a ete 
obtenu en suivant les memes etapes que pour la 
fabrication du plasmide pBIOC45 decrit en II. b. , 
excepte que 1' amorce WD3 0 (5» aatgagctcgttaacgcgt TTA 
tag etc ate ttt GTG ATA CTT GTG GGC CAG GGC 3') 
remplace 1" amorce WD16. L' amorce WD30 apporte les 
sites de restriction Mlul, Hpal et Sad, et la 
sequence KDEL places respect ivement apres et avant le 
codon stop. 

Le plasmide resultant obtenu a ete appele 
pBIOC66. La sequence nucleotidique du gene chimerique 
entre le cDNA codant pour la chalne fi globine et la 
sequence codant pour le signal KDEL a ete verifiee par 
sequen<?age comme decrit au chapitre I. b. 

Puis, le plasmide pBIOC66 a ete modifie comme 
decrit en V. b. par fusion traductionnelle avec le 
peptide signal de la sporamine A des racines 
tuberisees de patate douce pour conduire au plasmide 
pBIOC67 permettant un adressage dans le reticulum 
endoplasmique. La sequence nucleotidique du gene 
chimerique entre la sequence codant pour le peptide 



WO 97/04115 



PCT/FR96/01123 



63 

signal, le cDNA codant pour la chalne A globine mature 
et la sequence codant pour le signal KDEL a ete 
verifiee par seguen<?age comme decrit au chapitre I. b. 
La sequence de clivage entre les sequences du peptide 
signal et de la chaine B globine mature est Ser - Val. 

c. CONSTRUCTION PU PLASMIDE BINAIRE DE CO-EXPRESSION 
PBIOC69 CONTENANT LES CDNA CODANT POUR LES GLOBINES , a 
ET B, PERMETTANT LA RETENTION DANS LE RETICULUM 
ENDOPLASMIQUE . 

Le fragment Hindlll-EcoRI portant le cDNA codant 
pour la chalne a globine permettant la retention dans 
le reticulum endoplasmique a ete isole a partir de 
pBIOC65 decrit au chapitre VI. a., et ligue a l'ADN 
plasmidique de pBIOC4 3 doublement digere par Hindlll 
et EcoRI, et dephosphoryle comme decrit en II. a. La 
ligation et la transformation ont ete realisees comme 
decrite au chapitre I. b. L'ADN plasmidique des clones 
obtenus, selectionnes sur 10 Mg/ml tetracycline, a ete 
extrait selon la methode de la lyse alcaline (Stephen 
et al., 1990) et analyse par digestion enzymatique. Le 
clone resultant a ete appel6 pBIOC68 . 

Le fragment Pacl-Mlul portant le cDNA codant pour 
la chalne B globine permettant la retention dans le 
reticulum endoplasmique a ete isole a partir de 
pBIOC67 decrit au chapitre VI. b. , et ligue a l'ADN 
plasmidique de pBIOC68 doublement digere par Pad et 
Mlul, et dephosphoryle comme decrit en II. a. La 
ligation et la transformation ont ete realisees comme 
decrites au chapitre II. c. 3 en utilisant la souche E. 
coli Sure tet". L'ADN plasmidique des clones obtenus, 
selectionnes sur 10 jig/ml tetracycline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
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1990) et analyse par digestion enzymatigue. Le clone 
resultant a €te appele pBIOC69. 

La sequence nucleotidique des cDNA codant pour 
les chalnes a et B de globine permettant leur 
retention dans le reticulum endoplasmique a ete 
verifiee par sequenqrage couune decrit au chapitre I. b. 
L'ADN plasmidique du vecteur binaire pBIOC69 a ete 
intrpduit par transformation directe dans la souche 
LBA4404 d 1 Agrobacterium tumef aciens selon le procSde 
de Holsters et al. (1978) • La validite du clone retenu 
a ete verifiee par digestion enzymatique de l'ADN 
plasmidique introduit. 

VII. CONSTRUCTION DES GENES CHIMERIQUES CODANT POUR 
LES CHAINES DE GLOBINE, a ET 5, PERMETTANT UNE 
EXPRESSION DE 1 • HEMOGLOBINE HUHAINE RECOMBINANTS DANS 
LES VACUOLES DES FEUILLES DE TABAC. 

Pour permettre l'adressage vacuolaire, la 
sequence codant pour le prepropeptide (PPS) de la 
sporamine A des racines tuberisees de la patate douce 
(Murakami et al., 1986 ; Matsuoka et Nakamura, 1991), 
qui correspond au peptide signal suivi de la sequence 
N-terminale d f adressage vacuolaire (ATG AAA GCC TTC 
ACA CTC GCT CTC TTC TTA GCT CTT TCC CTC TAT CTC CTG 
CCC AAT CCA GCC CAT TCC AGG TTC AAT CCC ATC CGC CTC 
CCC ACC ACA CAC GAA CCC GCC) , est fusionnee au premier 
codon de la sequence codant pour d*une part, la chaine 
a globine mature (deletion de 1 'ATG initiateur) et 
d* autre part, la chaine 0 globine mature (deletion de 
l'ATG initiateur) en maintenant les phases ouvertes de 
lecture. Ce prepropeptide de 37 acides amines a et§ 
isole a partir du plasmide pMAT103 (Matuoka et 
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Nakamura, 1991) et utilise lors de la realisation des 
constructions . 

Pour obtenir un adressage vacuolaire de la chaine 
a de globine, la sequence codant pour le prepropeptide 
de la spor amine A de la patate douce a ete fusionnee 
au premier codon de la chaine a de globine mature en 
maintenant la phase ouverte de lecture. La sequence de 
clivage entre les sequences du peptide signal et de la 
chaine a de globine mature est Ala-Val. 

a. CONSTRUCTION DU PLASMIDE pBIOC70 CONTENANT LE cDNA 
CODANT POUR L'ct GLOBINE PERMETTANT UN ADRESSAGE 
VACUOLAIRE. 

La sequence codant pour le prepropeptide N- 
terminal (PPS) de la sporamine A des racines 
tuberisees de patate douce a ete amplif iee par PGR sur 
le plasmide pMAT103 a l'aide des 2 

oligodesoxynucleotides, WD25 (5 1 cgcaagcttaaca ATG AAA 
GCC TTC ACA CTC GC 3') deer it en V. a. et WD31 (5' 
tagaattC GGC cGG AGA CAG CAC GGC GGG TTC GTG TGT GGT 
TG 3 f ). L 1 amorce WD31 apporte le site de restriction 
EcoRI, les 5 premiers codons de la sequence codant la 
chaine a globine mature (un site EagI est cree par 
mutation silencieuse dans le quatrieme codon (CCT 
modif ie en CCg) ) et les 6 derniers codons de la 
sequence du prepropeptide N-terminal. L 1 amplification 
PCR et le traitement des fragments d'ADN amplifies ont 
ete realisees comme decrits dans la troisieme etape du 
chapitre II. a. Puis, ces fragments d 1 ADN ont £te 
digeres doublement par Hindlll et EagI/ purifies par 
electrophorese sur gel d 1 agarose 1,8% et par action du 
kit "Geneclean II" (BIO101) et clones aux sites 
Hindlll et EagI du plasmide pBIOC44 dephosphoryle 
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d'crit au chapitre II. a. La ligation et la 
transformation ont 6te realisees comme decrites au 
chapitre I. b. L'ADN plasmidique des clones obtenus, 
selectionnes sur 100 Mg/ml ampicilline, a ete extrait 
selon la methode de la lyse alcaline (Stephen et al., 
1990) et analyse par digestion enzymatique. Le clone 
resultant a ete appele pBIOC70. La sequence 
nucleotidigue du gene chimerique entre la sequence 
codant pour le prepropeptide et le cDNA codant pour la 
chalne a globine mature a ete verifiee par sequensage 
comme deer it au chapitre I. b. 

b. CONSTRUCTION DU PIASMIDE pBIOC71 CONTENANT LE cDNA 
CODANT POUR LA 6 GLOBINE PERMETTANT UN ADRESSAGB 
VACUOLAIRE. 

Pour obtenir un adressage vacuolaire de la chalne 
p de globine, la sequence codant pour le prepropeptide 
de la sporamine A de la patate douce a ete fusionnee 
au premier codon de la chalne p de globine mature en 
maintenant la phase ouverte de lecture. La sequence de 
clivage entre les sequences du peptide signal et de la 
chalne 0 de globine mature est Ala-Val. 

La sequence codant pour le prepropeptide N- 
terminal (PPS) de la sporamine A des racines 
tuber isees de patate douce a ete amplifiee par PCR sur 
le plasmide pMAT103 a l'aide des 2 
oligodesoxynucleotides, WD27 (5 ! gtcattaattaaca ATG 
AAA GCC TTC ACA CTC GC 3 1 ) decrit en V. b. et WD32 (5 1 
aatgagct C GGC cGA CTT CTC CTC AGG AGT CAG GTG CAC 
GGC GGG TTC GTG TGT GGT TG 3'). L* amorce WD32 apporte 
le site de restriction Sad, les 10 premeirs codons de 
la sequence codant la chalne 0 globine mature (un site 
de restriction EagI est cree par mutation silencieuse 
dans le neuvieme codon (TCT modif ie en TCg) ) et les 6 
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derniers codons de la sequence du prepropeptide N- 
terminal. L 1 amplification PCR et le traitement des 
fragments d • ADN amplifies ont ete realises comme 
decrits dans la troisieme etape du chapitre II. a. 
Puis, ces fragments d 'ADN ont ete digeres doublement 
par Pad et EagI, purifies par electrophorese sur gel 
d 1 agarose 1,8% et par action du kit "Geneclean II" 
(BIO101) et clones aux sites Pad et EagI du plasmide 
pBIOC45 dephosphoryle decrit au chapitre II* b. La 
ligation et la transformation ont ete realisees comme 
decrites au chapitre I. b. L 1 ADN plasmidigue des 
clones obtenus, selectionnes sur 100 ^g/ml 
ampicilline, a ete extrait selon la methode de la lyse 
alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
pBIOC71. La sequence nucleotidique du gene chimerique 
entre la sequence codant pour le prepropeptride et le 
cDNA codant pour la chaine £ globine mature a ete 
verifiee par sequen<?age comme decrit au chapitre I. b. 

C. CONSTRUCTION DU PLASMIDE BINAIRE DE CO-EXPRESSION 
PBIOC73 CONTENANT LES cDNA CODANT POUR LES GLOBINES , a 
ET B , PERMETTANT UN ADRESSAGE VACUOLAIRE, 

Le fragment Hindlll-EcoRI portant le cDNA codant 
pour la chaine a globine a adressage vacuolaire a ete 
isole a partir de pBIOC70 decrit au chapitre VII. a., 
et ligue a 1 • ADN plasmidique de pBIOC43 doublement 
digere par Hindlll et EcoRI , et dephosphoryle comm 
decrit en II. a. La ligation et la transformation ont 
ete realisees comme decrite au chapitre I, b. L* ADN 
plasmidigue des clones obtenus, selectionnes sur 10 
Mg/ml tetracycline, a ete extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
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digestion enzymatique. Le clone resultant a et' appele 
pBIOC72. 

Le fragment Pacl-Mlul portant le cDNA codant pour 
la chalne 6 globine a adressage vacuolaire a ete isole 
a partir de pBIOC71 decrit au chapitre VII. b. , et 
ligue a I'ADN plasmidigue de pBIOC72 doublement digere 
par Pad et Mlul, et dephosphoryle comme decrit en 
II. a. La ligation et la transformation ont ete 
realisees comme decrites au chapitre II. c. 3 en 
utilisant la souche E. coli Sure tet" . L'ADN 
plasmidigue des clones obtenus, selectionnes sur 10 
tig /ml tetracycline, a 6te extrait selon la methode de 
la lyse alcaline (Stephen et al., 1990) et analyse par 
digestion enzymatique. Le clone resultant a ete appele 
PBIOC73. 

La sequence nucleotidique des cDNA codant pour 
les chalnes a et B de globine a adressage vacuolaire a 
ete verifiee par sequenqrage comme decrit au chapitre 
I. b. L f ADN plasmidique du vecteur binaire pBIOC73 a 
et§ introduit par transformation directe dans la 
souche LBA4404 d * Agrobacterium tumef aciens selon le 
procede de Holsters et al. (1978). La validite du 
clone retenu a ete verifiee par digestion enzymatique 
de I'ADN plasmidique introduit. 

VIII : OBTENTION DE PLANTES DE TABAC TRANS G EMI QUES 

Les plantes de tabac utilisees pour les 
experiences de transformation ( Nicotiana tabacum var. 
PBD6) sont cultivees in vitro sur le milieu de base de 
Murashige et Skoog (19 62) additionne des vitamines de 
Gamborg et al. (1968, Sigma reference M0404), de 
saccharose a 20g/L et d'agar (Merck) a 8g/L. Le pH du 
milieu est a juste a 5,8 avec une solution de potasse 
avant autoclavage a 120 °C pendant 20 min. Les 
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plantules de tabac sont repiquees par bouture des 
entre-noeuds tous les 3 0 jours sur ce milieu de 
multiplication MS2 0. 

Toutes les cultures in vitro sont realisees en 
enceinte climatisee, dans les conditions definies ci- 
dessous : 

- Intensite lumineuse de 3 0/4E.irf 2 . S~ 1 ; 
photoperiode de 16h ; 

- Thermoperiode de 26°C le jour, 24 °C la nuit. 

La technique de transformation utilisee est 
dferivee de celle de Horsch et al. (1985). 

Une preculture d ' Agrobacterium tumefaciens 
souche LBA44 04 contenant les plasmides pBIOC4 6 ou 
pBIOC47 ou pBIOC49 ou pBIOC53 ou pBIOC59 est realisee 
durant 48h a 28 °C sous agitation, dans du milieu LB 
additionne des antibiotiques adequats (rifampicine et 
tetracycline) . La preculture est ensuite diluee au 
50 erne dans le meme milieu et cultivee dans les memes 
conditions. Apres une nuit, la culture est centrifugee 
(10 min, 3000 g) , les bacteries sont reprises dans un 
volume Equivalent de milieu MS3 0 (3 0g/L saccharose) 
liquide et cette suspension est diluee au lOeme. 

Des explants d 1 environ 1cm 2 sont decoupes a 
partir des feuilles des plantules decrites ci-dessus. 
lis sont ensuite mis au contact de la suspension 
bacterienne pendant ih, puis seches rapidement sur 
papier filtre et places sur un milieu de coculture 
(MS30 solide) . 

Apres 2 jours, les explants sont transferes en 
boltes de Petri sur le milieu de regeneration MS30, 
contenant un agent selectif, la kanamycine (200rog/L) , 
un bact^riostatigue, l'augmentin (400mg/L) et les 
hormones necessaires a 1« induction de bourgeons (BAP, 
lmg/L et ANA, 0,lmg/L). Un repiquage des explants est 
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effectue sur le meme milieu apres 2 semaines de 
culture. Apres 2 nouvelles semaines, les bourgeons 
sont repiques en boltes de Petri sur le milieu de 
developpement compose du milieu MS2 0 additionne de 
kanamycine et d 1 augment in. Apres 15 jours, les 
bourgeons sont repiques en pots sur le meme milieu 
dont la concentration en kanamycine a ete diminuee de 
moitie. L 1 enracinement prend environ 2 0 jours, au 
terme desquels les plantules peuvent etre donees par 
bouture d 1 entre-noeuds in vitro ou sorties en serre. 

IX : EXTRACTION ET PURIFICATION PARTI ELLES DE 
PROTEINES RECOMBINANTES A PARTIR DE FEUILLES DE TABAC 

Cinquante grammes de feuilles de tabac (poids 
frais) transformees sont broyes dans 1 1 azote liquide 
puis mis a agiter durant 15min a 4°C dans 300ml de 
tampon tris-HCl 50mM pH 8 additionne d'EDTA ImM, de 
B-mercaptoethanol ImM et de polyvinylpyrrolidone (PVP, 
10g/300ml) . Le broyat est filtre sur miracloth puis 
centrifuge pendant 20min a 4°C a 10000 g. Le 
surnageant est a nouveau filtre sur miracloth. Les 
proteines sont alors pr^cipitees durant 12 h a 4°C par 
une solution de sulfate d 1 ammonium a saturation. Apres 
centrifugation 20 min a 10000 g, le culot est repris 
dans du tampon tris-HCl 50mM pH 8 additionne de DTT 
ImM et d'EDTA ImM et dialyse 2 fois 12 heures contre 
ce meme tampon. Apres dialyse, le r§tentat est 
centrifuge puis filtre sur miracloth. Un dosage de 
proteines est egalement effectue selon la technique de 
Bradford (1976) . 

Premiere etape de purification : Equilibration en 
tampon phosphate lOmM pH 6,7-EDTA 1 mM par passage sur 
une resine Sephadex G25 puis depot sur une resin 
echangeuse d'ions (CM cellulose) eguilibree en tampon 
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phosphate 10 mM pH 6,7 EDTA 1 mM. Lavage par 4 volumes 
de ce meme tampon puis elution par un gradient 
lineaire de Na 2 HP0 4 10 mM pH 6,7 EDTA 1 mM a Na 2 HP0< 100 
mM pH 6,7 EDTA 1 mM. 

Deuxieme etape de purification : Equilibration en 
tampon Tris-HCl 10 mM pH 8,4-EDTA 1 mM par passage sur 
une resine Sephadex G25 puis depot sur une resine 
echangeuse d'ions DEAE-Sephacel equilibree en tampon 
Tris-HCl 10 mM pH 8,4 EDTA 1 mM. Lavage par 4 volumes 
de ce meme tampon puis elution par un tampon KH 2 P0 4 20 
mM pH 7,4. Les conditions de pH et de force ionique 
peuvent etre modifiees selon la nature du variant 
d 1 hemoglobine . 

Detection de 1 ' hemoglobine 

L f hemoglobine (Hb) se detecte grace a son 
chromophore, I'heme, qui lui donne sa couleur 
caracteristique. A faible concentration et en presence 
d 1 autre chromophore ou molecule qui diffuse la 
lumiere, le signal du a l'Hb peut etre masque. Ce 
probleme peut etre surmonte grace a une technique 
dynamique permettant de detecter la presence de I'Hb 
dans un systeme complexe. 

Cette methode repose sur des spectres 
different iels correspondant a une transition entre 
deux formes de I'Hb et sur les proprietes de 
photodissociation des ligands comme 0 2 et CO (Gibson, 
1956 ; Mardenet et al., 1994). La probability d 
dissociation est plus forte pour le CO, done ce ligand 
est utilise de preference. La preparation des 
6chantillons s f effectue en anaerobiose. 

L f equipement experimental se compose de deux 
sources de lumieres : la premiere est une source 
pulsee (laser) qui dissocie les ligands, et la 
deuxieme est une lampe continue qui permet d» observer 
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la recombinaison des ligands, grace a un changement de 
^intensite de lumiere transmise (figures 4 # 5 et 6). 
La photodissociation est. efficace dans tout le domaine 
spectral visible ; notre systeme consiste en un laser 
YAG dont les impulsions ont une duree de 10 ns a 532 
mm. La detection est plus sensible dans la bande de 
Soret (416 run) ; nous avohs choisi 43 6 nm proche de 
l 1 absorption maximale de la forme desoxy. Les 
changements d'intensite transmise se produisent tout 
d'abord dans un temps de l'ordre de la nanosecond 
(phase gem i nee) puis se poursuivent en guelgues 
millisecondes (phase bimoleculaire) . Nous nous 
interessons particulierement a cette seconde phase gui 
reflete les transitions allosteriques de l*Hb (figures 
5 et 6) . Les etudes cinetiques, rapides et 
reversibles, permettent d'obtenir de nombreuses 
donnees et done une indication fiable de l'etat de 
I'Hb guant a son f onctionnement normal, physiologique, 
La preparation des echantillons est realisee 
comme decrite ci-apres. Les feuilles de tabac (20 g) 
sont broyees dans de 1' azote liquide, puis le broyat 
est melange a 60 ml de la solution d 1 extraction 
(Tris-HCl 25 mM pH7 # 5 # ^-mercaptoethanol 10 mM, EDTA 1 
mM) . L f homogenat est centrifuge a 10 OOOg a 4°C 
pendant 15 minutes. Le surnageant contenant 1 s 
proteines solubles est preleve. Le dosage des 
proteines est effectue selon la technique de Bradford 
(1976). A 1 ml d f extrait de proteines vegetales (1 
mg/ml) , 32 /xl et 3.2 jxl d'une solution d • hemoglobine 
humaine concentree (3.13 mg/ml) sont ajoutes pour 
obtenir respectivement des solutions contenant 100%, 
10% et 1% d 'hemoglobine par rapport aux proteines 
totales. 

Les resultats obtenus sont les suivants : 



WO 97/04115 



PCT/FR96/01123 



73 

Les cin'tigues des echantillons equilibres sous 
0.1 atm CO pour trois concentrations en Hb : 100%, io% 
et 1% des proteines totales present.es dans I'extrait a 
raison de 1 mg/ml ont ete mesurees. Les courbes sont 
biphasiques, semblables a celles de l'Hb seule, et 
presentant une vitesse normale (de l^rdre de 1000/s) 
pour la phase rapide (figure 5) . Les cinetigues sont 
similaires pour les deux concentrations, a 1' exception 
de 1 1 augmentation du bruit (signal) previsible a 
faible concentration. Aucun signal n f a ete observe 
pour I'extrait vegetal en absence d'Hb, dans les memes 
conditions. Nous pouvons conclure que la cinetigue de 
recombinaison du CO a I'HbA dans un extrait de 
feuilles de tabac est normale. 

X : EXTRACTION ET PURIFICATION PARTIELLE DE 
L* HEMOGLOBINS RECOMBINANTS A PARTIR DE GRAINES DE 
TABAC. 

Dans ce chapitre, on deer it les techniques 
utilisSes, pour la detection par western blot, 
l 1 extraction et purification partielle et la mise en 
evidence de la f onctionnalite de 1 'hemoglobine 
recombinante produite dans les graines de tabacs 
transgeniques (rHb) . Ceux-ci sont obtenus par 
transformation du plasmide de coexpression pBIOC 59 
contenant les cDNA codant pour les globines, o et 0, 
permettant un adressage dans le chloroplaste . 
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a. DETECTION EN WESTERN BLOT DE L ' HEMOGLOBINE 
RECOMBINANTE ACCUMULEE DANS LES G RAINES DE TABAC. 

Soixante-quinze milligrammes de graines de tabac 
(poids frais) sont broyes dans l 1 azote liquide puis 
dans 600 Ml de tampon Tris-HCl 25 mM pH 8 glace 
additionne d 1 EDTA 1 mM, de DTT 1 mM et de PMSF 1 mM. 
Le broyat est transfere dans un tube Eppendorf et 
centrifuge a 4°C a 10000 g pendant 10 min. Le 
surnageant est alors concentre par ultrafiltration a 
l'aide des dispositifs micropure .45 et microcon 10 
(Amicon) . Le dosage des proteines est ef fectue selon 
la technique de Bradford (1976), en utilisant comme 
etalon l'albumine de serum de boeuf (fraction V). 

Les proteines sont separees selon leur masse 
moleculaire apparente par electrophorese en gel de 
polyacrylamide en presence de SDS d' apres la methode 
de Laemmli (Laemmli, 1970) en conditions reductrices. 
L'appareillage utilise est le Mini-protean II (Bio- 
Rad) . Le gel est constitue d'un gel de concentration 
(acrylamide 5 %, bis-acrylamide 0,17 %, Tris-HCl 63 mM 
pH 6,8, SDS 0,1 %) et d § un gel de separation 
(acrylamide 17 %, bis-acrylamide 0,56 %, Tris-HCl 375 
mM pH 8,8, SDS 0,1 %) . Les echantillons proteiques 
sont prealablement dilues par 0,25 volume de solution 
de depot (Tris-HCl 200 mM pH 6,8, DTT 400 mM, glycerol 
4 0 %, SDS 8 %, bleu de bromophenol 0,2 %) , puis 
trait6s a 100 °C pendant 5 min et enfin deposes sur le 
gel. L 1 electrophorese est effectuee en tampon Tris- 
glycine-SDS (Tris 25 mM, glycine 250 mM, SDS 1 %) a 25 
mA. 

Apres electrophorese, les proteines sont 
transferees sur une membrane de nitrocellulose (BA 85, 
Schleicher & Schuell) par electrotransf ert d 1 apres la 
technique de Towbin et al. (1979). Le transfert est 
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realise a l'aide de l'appareil "mini trans blot 
module" (Bio-Rad) a 150 V pendant 90 min en presence 
de la solution de transfert (Tris 25 mM, glycine 192 
mM, methanol 20 %) . La membrane est rincee pendant 5 
min a temperature ambiante dans du tampon PBS IX 
(Na 2 HP0 4 10,4 mM, KH 2 PO A 3,2 mM, NaCl 116 mM) , puis 
sechee. 

La presence des chaines de globine sur les 
western blot est detectee en utilisant comme anticorps 
primaire, un immunserum anti-hemoglobine humaine de 
lapin (ref : H-4890, Sigma) et comme anticorps 
secondaire, un anticorps monoclonal anti-IgG de lapin 
couple a la phosphatase alcaline (A-8025, Sigma). La 
revelation est effectuee en utilisant le substrat 
chromogene [5-bromo-4-chloro-3-indoyl phosphate/nitro 
blue tetrazolium (BCIP/NBT) ] . 

La membrane est incubee sous agitation pendant 5 
min dans une solution tampon TBST (Tris-HCl 10 mM pH 
7,5, NaCl 150 mM, Tween 20 0,05 %) , puis pendant au 
moins 30 min dans la meme solution additionnee de 5% 
de lait ecreme en poudre (Regilait) . Cette derniere 
solution est renouvelee, 1/5000 de volume de 
1' immunserum anti-hemoglobine est ajoute et la 
membrane est incubee pendant au moins 2 heures. Elle 
est rincee 3 fois 5 min par de la solution TBST* 
L ' incubation avec l 1 anticorps secondaire est effectuee 
pendant 1 heure avec 1* anticorps monoclonal anti-IgG 
de lapin dilue a 1/10000 dans de la solution TBST, 
Ensuite, la membrane est de nouveau rincee 3 fois. 
L^ctivite phosphatase alcaline est revelee en 
incubant la membrane dans la solution de revelation 
(Tris-HCl 100 mM pH 9,5, NaCl 100 mM, MgCl 2 5 mM, BCIP 
330 nq/ml, NBT 165 jxg/ml) . La reaction est arretee par 
rin<?age avec de l'eau. 
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La figure 7 represente 1" analyse par western blot 
de la composition proteique des extraits de graines de 
tabacs transformes ou non par le plasmide pBIOC59. 
L'anticorps polyclonal reconnait les deux chalnes de 
globine de 1 •hemoglobine normale adulte (HbA) separees 
lors de 1 1 electrophorese SDS-PAGE. On observe que 
l*extrait proteique des graines de la plante 
transgenique T2 6-22 differe de celui de la plante 
temoin par la presence de deux polypeptides dont la 
masse moleculaire apparente est similaire a celle des 
chaines de globine de 1 1 HbA et qui sont reconnus par 
I'anticorps. De plus, ils semblent etre representes de 
fagon equimolaire. On peut done dire que dans les 
graines, les transgenes codant pour les proteines de 
fusion peptide transit-globines a et peptide transit- 
globine 0 sont exprimes ; le clivage du peptide 
transit serait correctement effectue, de sorte que 
s'accumulent les globines a et 0. Dans les graines de 
11 plantes, sur les 20 tabacs transformes 
independamment par le plasmide pBIOC59, la presence 
des globines est detectee. Exprime en equivalent 
d'HbA, le taux maximun d' environ 0,05% de rHb par 
rapport aux proteines totales solubles extraites est 
observe pour la plante T2 6-22. Cela a pu etre estime 
par analyse comparative en western de gammes de 
concentration d'HbA dans l'extrait proteique de 
graines de plante temoin. 
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b. EXTRACTION ET PURIFICATION PARTI ELLE DE 
L'HSMOGLOBINE RECOMBINANTS A PARTIR DE G RAINES DE 
TABAC. 

La purification partielle a ete effectuee a 
partir d'un melange des graines de tabacs 
transgenigues transformes par le plasmide pBIOC59 et 
exprimant la rHb. 

Quinze grammes de graines de tabac (poids frais) 
sont broyes dans 1* azote liquide puis dans 100 ml de 
tampon Tris-HCl 25mM pH 8 glace additionne d f EDTA 1 
mM, de DTT 1 mM et de PMSF 1 mM. Le broyat est filtre 
sur miracloth®, puis le filtrat est centrifuge a 4°C a 
10000 g pendant 10 min. Le surnageant est d'abord 
satur£ en monoxyde de carbone (CO) , puis filtre avec 
un filtre 0,22 /xm et enfin concentre par 
ultrafiltration a l^ide de dispositifs centriprep 10 
(Aroicon) . Le concentrat est sature en CO. Deux etapes 
chromatographiques successives sont realisees (4°C) en 
suivant les absorbances a 280 nm (proteines) et 415 ran 
(hemoproteines) . (i) Le concentrat est prealablement 
filtre avec un filtre 0,22 iim, puis depose sur colonne 
Sephacryl-SlOO (Pharmacia) (2,1 cm x 90 cm) equilibre 
avec le tampon D (Na 2 HP0 4 9,12 mM, NaH 2 PO< 20,88 mM, DTT 
1 mM, EDTA 1 mM, pH 6,5). La fraction contenant la rHb 
est collect^e, filtree a travers un filtre 0,22 pm, 
puis saturee en CO et enfin concentree comme 
pr ec6demment . Soixante-cinq pour cent des proteines 
sont eliminees a cette etape. (ii) Ce concentrat est 
d§pose sur la deuxieme colonne, une S-sepharose fast- 
flow (Pharmacia) (1,1 cm x 10 cm) equilibree avec du 
tampon D. Apres lavage par 8 volumes de tampon D, un 
gradient de force ionique est applique (tampon D a 
tampon D contenant 500 mM NaCl) . L'hemoglobine est 
eluee en un pic. Les fractions contenant ce pic sont 
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rassemblees et les proteines sont concentr'es comme 
cela est deer it plus haut. Avant et apres 
concentration les echantillons sont satures en CO. Ce 
concentrat constitue la fraction enrichie en rHb 
appelee FE-rHb. II ne reste plus dans cette fraction 
que 3 % des proteines de 1' extrait. Pour disposer d'un 
temoin pour les analyses ulterieures, ce schema de 
purification a ete applique dans les memes conditions 
a un extrait obtenu a partir de 15 g de graines de 
tabacs n f exprimant pas la rHb, conduisant a 
I'obtention de la fraction appelee FE-Temoin. 

La presence des globines o et 0 dans ces 
fractions a ete recherchee en utilisant la technique 
de western blot dans les conditions decrites au 
paragraphe X.a. La fraction FE-rHb contient bien de la 
rHb, ces deux polypeptides etant mis en evidence 
(figure 8) . 

c. MISE EN EVIDENCE DE LA FONCTIONNALITE DE 
L'HEMOGLOBINE RECOMBINANTE PAR PHOTOLYSE ECLAIR. 

La mise en evidence de la f onctionnalite a ete 
realis6e a partir de la fraction enrichie en rHb 
appelee FE-rHb, en utilisant comme temoin la fraction 
equivalente temoin FE-Temoin et de 1'HbA. 

Les experiences de controle ou l'on a ajoute de 
lpHbA a 1' extrait de plantes, ont montre des 
cinetiques de recombinaison biphasiques et des 
variations de la fraction lente selon I'energie de 
1* eclair de lumiere laser. Ces resultats demontrent 
que la fonction de 1'HbA n'est pas alteree par les 
conditions de solvant utilisees. 

Apres photodissociation des ligands de l'Hb, la 
recombinaison bimoleculaire a lieu dans une echelle de 
temps de /is-ms (Vitesse k-on) . Bien que le ligand 
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physiologique naturel soit l'oxygene, les etudes 
decrites ont ete fait s avec du monoxyde de carbone 
(CO) qui donne un signal de photodissociation tres 
superieur a celui obtenu avec 1'0 2 car le rendement 
est plus eleve. De meroe la difference des vitesses de 
recombinaison pour les deux conformations de l'Hb (R 
et T correspondant a des tetrameres avec et sans 
ligand) est 6galement plus elevee. Experiment a lement 
les echantillons sont equilibres sous 0,1 atm CO qui 
donne les meilleures conditions d pobservation des deux 
phases* Comme la reaction est reversible, on peut 
repeter la photodissociation (7) du meme echantillon 
pour accumuler plusieurs courbes ce qui ameliore 
beaucoup le rapport signal /bruit . 

7 

HbCO - Hb + CO 
k-on -CO 

L 1 observation d'une variation de 1* amplitude de 
la recombinaison lente en fonction de la fraction de 
dissociation (par modification de l'energie laser), 
demontre la presence d'une hemoglobine f onctionnelle. 

Les plantes transgeniques recoivent 1 1 information 
genfetique uniquement pour la synthese de globine et 
non pour l'heme. En consequence si l'Hb f onctionnelle 
(globines + heme) est exprimee dans les plantes, c'est 
qu'elle a capte l'heme in situ * D'autres hemoproteines 
presentes dans les plantes peuvent donner un signal 
optique apres photolyse eclair* Ces hemoproteines ne 
donneront pas de signal si le fer heminique est sous 
forme ferrique qui ne lie pas les ligands CO et 0 2 . Le 
CO et 1'0 2 ne se lient de fa<?on reversible que si 
l^tome de fer est sous forme ferreuse. II est par 
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consequent important de demontrer 1' existence de 
processus cin'tiques pour les deux phases et la 
variation des contributions relatives des deux phases 
due a des facteurs connus pour influencer la fonction 
de 1 ' hemoglobine . 

L'echantillon enrichi FE-rHb montre un signal de 
photodissociation du CO de 48 mDO (densite optique) et 
pennet de realiser certaines experiences a differents 
niveaux de dissociation ; ces experiences sont 
realisees en l 1 absence de dithionite de sodium pour 
eviter toute contribution parasite due a la presence 
d'hemoproteines. La roeme experience, realisee avec la 
fraction FE-Temoin a montre un signal de 1 mDO (figure 
9) . 

Les resultats enregistres a differents niveaux 
d'energie de lumiere laser sont montres dans la Figure 
10. Les courbes sont similaires a celle de l f HbA et 
montre l 1 existence d'une propriete caracteristique de 
1 •hemoglobine a savoir la plus faible fraction de 
vitesse lente quand l'intensite de la lumiere est 
diminuee de fa<?on a obtenir une dissociation plus 
faible. 

L'echantillon a et6 ensuite equilibre sous une 
atmosphere de CO. Comme attendu, les cinetiques de 
recombinaison sont desormais plus rapides. Pour 
1 •hemoglobine en solution, la fraction lente est 
habituellement plus basse a fortes concentration de CO 
puisqu'il y a moins de temps disponible pour faire la 
transition R->T apres dissociation. L 1 echantillon FE- 
rHb ne presente pas cet effet (figure 11) . 

Une autre methode peut etre utilisee pour etudier 
les vitesses d ' association et de dissociation de 
I'oxygene. Le principe de cette methode repose sur le 
fait suivant : bien que le CO ait une affinite environ 
200 fois plus elevee que celle de I'oxygene, la 
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Vitesse d 1 association du CO a l*Hb ligandee (R state) 
est environ 10 fois plus faible que pour ^oxygene. Un 
echantillon equilibre avec un melange egal de CO et 
d*0 2 sera essentiellement sous forme de HbCO. On peut 
alors photodissocier le CO (avec un fort rendement) ce 
qui permet l 1 etude de la recombinaison de 1'0 2 . Une 
phase terminale lente de l'ordre de Is due au 
remplacement de l^xygene par le CO fournit des 
informations sur la vitesse de dissociation (k-of f ) • 
Seul 1 'echantillon FE-rHb revele un signal de liaison 
de l'oxygene (figure 11). 

Les etudes de la fraction FE-rHb par photolyse 
eclair ont montre : 

- une recombinaison du CO biphasique avec des vitesses 
rapide et lente similaires a celles observees dans 
l'Hb A tetramerique ; 

- une diminution de la fraction lente a energie faible 
du laser comme pour 1 ' Hb A ; 

- une augmentation de la vitesse pour des 
concentrations de CO plus elevees comme pour l^b 
norma le ; 

une liaison reversible de l'oxygene avec des 
vitesses on et off similaires a celles de l'Hb A 
norma le ; 

Nous concluons que 1 'hemoglobine recombinante 
produite dans les graines de tabac possede les 
propri^tes de l'Hb A tetramerique dans tous les tests 
fonctionnels realises. 
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XI : CONSTRUCTION DE GENES CHIKERI QUES CODANT POUR LES 
CHAINES a ET 0 DE L » HEMOGLOBINE HUMAINE ET PERMETTANT 
UNE EXPRESSION DANS LES SEMENCES DE MAIS ♦ 

CONSTRUCTION DES PLASMIDES CONTENANT UNE DES CHAINES a 
OU DE L 1 HEMOGLOBINE HUMAINE ET PERMETTANT UNE 

EXPRESSION CONSTITUTIVE OU UNE EXPRESSION DANS 
L ' ALBUMEN DANS LES SEMENCES DE MAIS. 

L 1 expression constitutive ou albumen specif igue 
dans les sentences de mals des sequences des chaines a 
et p de 1 ' hemoglobine humaine a necessite les 
sequences regulatrices suivantes : 

un des trois promoteurs permettant une expression 
constitutive : 

- promoteur actine de riz suivi de l'intron 
actine de riz (pAR-IAR) contenu dans le plasmide 
pActl-F4 decrit par McElroy et al. (1991) ; 

- promoteur constitutif double 35S (pd35S) du 
CaMV (virus de la mosaique du chou-f leur) . II 
correspond a une duplication des sequences activant la 
transcription situees en amont de l 1 element TATA du 
promoteur 35S naturel (Kay et al., 1987); 

le promoteur du gene de 7 zeine de mals 
(P7zeine) contenu dans le plasmide pt63 (Reina et al., 
1990) . Le plasmide py63 resulte du clonage de p 7 zeine 
aux sites Hindlll et Xbal d'un plasmide pUC18 
renfermant, entre ses sites Hindlll et EcoRI, la 
cassette d 1 expression "p35S-gus-tNOS ,f de pBI221 
commercialise par Clontech. II permet une expression 
dans 1' albumen des semences de mals. Combine a 
l'intron actine de riz, ce promoteur confere une 
expression est de type constitutive ; 
un des deux terminateurs : 
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la sequence terminatrice de transcription, 
tenainateur polyA 35S, qui correspond a la region en 
3 • non codante de la sequence du virus a ADN 
bicatenaire circulaire de la mosaigue du chou-fleur 
produisant le transcrit 35S (Franck et al., 1980) ; 

- la sequence terminatrice de transcription, 
terminateur polyA NOS, qui correspond a la region en 
3 ■ non codante du gene de la nopaline synthase du 
plasmide Ti d ■ Agrobacterium tumefaciens souche a 
nopaline (Depicker et al., 1982). 

Le type de vecteur utilise derive de pBSIISK+ 
(Stratagene) . Chaque vecteur comporte une cassette 
d' expression, a savoir un des promoteurs, une des 
chalnes a ou 0 de 1 'hemoglobine humaine et un des 
terminateur s . Des vecteurs comportant les deux 
cassettes d 1 expression de chacune des chaines a et fi 
de 1 f hemoglobine humaine ont egalement ete construits. 
Les clonages ont ete realises selon les procedes 
usuels. 
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RBVENDICATIONS 

1 - Procede de production de proteines heminiques 
comprenant les etapes suivantes : 

i) introduction, dans des cellules vegetales, d'une ou 
plusieurs molecule (s) d'acides nucleiques dont chacune 
comporte au moins une sequence codant pour un 
composant proteique d'une proteine heminique d*origine 
animale capable de fixer reversiblement l'oxygene, ou 
pour une variante ou une partie de ce composant 
proteique, et eventuellement une sequence codant pour 
un agent de selection ; 

ii) selection des cellules contenant 1' acide nucleique 
codant pour le composant proteique de la protein 
heminique ; 

iii) eventuellement, propagation des cellules 
transf orm§es, soit en culture, soit par la 
regeneration de plantes entieres transgeniques ou 
chimeriques ; 

iv) recuperation, et eventuellement purification, 
d'une proteine heminique comprenant un complexe 
constitue de la proteine ou des proteines codees par 
le susdit acide nucleique et au moins un noyau 
porphyrique a fer, ou une pluralite de ces complexes. 

2 - Procede selon la revendication 1 caracterise 
en ce que la proteine heminique est a chalne 
polypeptidique unique, par exemple la myoglobine. 

3 - Procede selon la revendication 1 caracterise 
en ce que la proteine heminique est un hetero- 
oligomere, le ou les acide (s) nucleique (s) comportant 
les sequences codant pour chacune des differentes 
unites proteiques. 

4 - Procede selon la revendication 3, caracterise 
en ce que la proteine heminique est 1 'hemoglobine 
humaine, ou un derive de celle-ci, le ou les acide (s) 
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nucleique (s) comprenant des sequences codant pour l'a- 
et 0-globine, ou pour des variantes de l f o- ou de la 
0-globine, les variantes se dif f erenciant de la 
sequence naturelle par une ou plusieurs 
substitution ( s) , deletion(s) ou insertion(s) d'acides 
amines . 

5 - Procede selon la revendication 4 caracterise 
en ce que les sequences codant pour les differentes 
unites proteiques, a- et 0-globine, sont comprises au 
sein de la meme molecule d'acide nucleique, 

6 - Procede selon la revendication 4 caracterise 
en ce que les sequences codant pour les differentes 
unites proteiques, a- et £-globine, sont comprises au 
sein de molecules d'acide nucleique distinctes. 

7 - Procede selon l'une quelconque des 
revendications l a 6, caracterise en ce que 
1 1 introduction de la ou des molecule (s) decide 
nucleique s'effectue par transformation du genome 
nucleaire de la cellule vegetale. 

8 - Procede selon la revendication 7 caracterise 
en ce que la sequence codant pour le composant 
proteique comprend une ou plusieurs sequence (s) codant 
pour des signaux d'adressage chloroplastiques, ou pour 
des signaux d'adressage mitochondriaux. 

9 - Procede selon la revendication 7 caracteris' 
en ce que la sequence codant pour le composant 
proteique comprend une ou plusieurs sequence (s) codant 
pour un peptide signal N-terminal et eventuellement un 
signal responsable de la retention de la proteine dans 
le reticulum endoplasmique, ou un signal d 1 adressage 
vacuolaire. 

10 - Procede selon l'une quelconque des 
revendications 1 a 6 caracterise en ce que 
1 ' introduction de l'acide nucleique s'effectue par la 



* WO 97/04115 



PCT/FR96/01123 



88 

transformation du genome mitochondrial ou 
chloroplastique . 

11 - Procede selon l'une guelconque des 
revendications 1 a 9 caracterise en ce que* l'acide 
nucl§igue comprend, outre la ou les sequence (s) 
codante(s), des sequences regulatrices de 
transcription reconnues par les cellules vegetales, 

12 - Procede selon l'une quelconque des 
revendications 4 a 11 caracterise en ce que la ou les 
sequence (s) codante(s) code(nt) pour une molecule 
hybride composee d'au moins les parties actives de 
l'a-globine et de la 0-globine. 

13 - Procede selon l'une quelconque des 
revendications 1 a 12 caracterise en ce qu'il 
comprend, entre 1* etape de propagation et l 1 etape de 
recuperation, une etape de detection de proteines 
heminiques, et en particulier de proteines heminiques 
dont le noyau porphyrique est constitue de 
protoporphyrine IX a fer. 

14 - Procede selon la revendication 13 
caracterise en ce que lors de l 1 etape de propagation 
des cellules vegetales, de la protoporphyrine IX a fer 
est additionnee au milieu de culture utilise pour la 
croissance des cellules. 

15 - Proteine heminique ayant la capacite de 
fixer reversiblement l'oxygene, caracterisee en ce 
qu'elle comporte au moins un noyau porphyrique a fer, 
d'origine vegetale, et un composant proteique 
comprenant au moins une chaine polypeptidique, 
d'origine animale. 

16 - Proteine selon la revendication 15 
caracterisee en ce que le noyau porphyrique a fer est 
la protoporphyrine IX a fer f ou une protoporphyrine se 
distinguant de la protoporphyrine IX par la nature des 
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chalnes laterales portees par les atomes 0 des cycles 
pyrrole. 

17 - proteine selon la revendication 16 
caracterisee en ce que le composant proteique comprend 
au moins une chaine polypeptidique a- et/ou £-globine, 
ou des variances de celles-ci comportant une ou 
plusieurs substitution (s) , deletion(s) ou insertion(s) 
d'acides amines, la proteine heminique etant capable 
de fixer I'oxygene, de maniere reversible. 

18 - Proteine selon la revendication 17 
caracterisee en ce que la chaine d'a- ou 0-globine, ou 
les variantes de celles-ci, comprend en outre un 
signal d'adressage chloroplastique , un signal 
d f adressage mitochondrial, ou un peptide signal N- 
terminal 6ventuelleroent en combinaison avec un signal 
responsable de la retention de la proteine dans le 
reticulum endoplasmique, ou un signal d'adressage 
vacuolaire. 

19 - Proteine selon la revendication 17, 
caracterisee en ce que chaque chaine polypeptidique 
est depourvue de Methionine NH 2 -terminale. 

20 - Proteine selon l'une quelconque des 
revendications 17 a 19, caracterisee en ce que le 
composant proteique comprend au moins quatre chalnes 
polypeptidiques d'a- et/ou de 0-globine, ou des 
variantes de celles-ci, chaque chaine polypeptidique 
etant liee a un noyau protoporphyrine a fer. 

21 - Proteine selon la revendication 20 
caracterisee en ce qu'elle comprend 2 chalnes <*- 
globines et 2 chalnes 0-globines, ou des variantes de 
celles-ci . 

22 - Proteine selon l'une quelconque des 
revendications 15 a 21 caracterisee en ce qu'elle fixe 
l'oxygene avec une af finite comprise entre 7 et 40 mm 
Hg, de preference 15 a 20 mm Hg. 
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23 - Acide nucleigu comportant : 

i) une ou plusieurs sequence (s) codant un composant 
proteique d'une proteine heminique animale, ladite 
proteine ayant la capacite de fixer reversiblement 
I'oxygene, et 

ii) des sequences regulatrices de transcription 
reconnues par une cellule vegetale, comprenant un 
promoteur et des sequences regulatrices de 
terminaison, et 

iii) une ou plusieurs sequence (s) codant un signal 
d'adressage d'origine vegetale. 

24 - Acide nucleique selon la revendication 23 
caracterise en ce que les sequences regulatrices 
comprennent un ou plusieurs promoteur (s) d'origine 
vegetale, 

25 - Acide nucleique selon la revendication 23 ou 
25 caracterise en ce que les sequences codant le 
signal d'adressage codent pour un peptide d'adressage 
mitochondrial ou chloroplastique dit peptide 
"transit". 

26 - Acide nucleique selon la revendication 2 3 ou 
24 caracterise en ce que les sequences codant le 
signal d'adressage codent un peptide signal N-terminal 
d'origine vegetale, eventuellement en combinaison avec 
une sequence codant un signal de retention 
endoplasmique ou un signal d'adressage vacuolaire. 

27 - Acide nucleique selon l'une quelconque des 
revendications 23 a 2 6 caracterise en ce que la 
sequence codante code l'o- ou 0-globine humaine, ou 
une variante de celles-ci se dif f erenciant de la 
sequence naturelle par une ou plusieurs 
substitution (s) , deletion(s) ou remplacement (s) 
d'acides amines, ou une partie de I'cr- et/ou /3-globine 
humaine. 



>VO 97/04115 



PCT/FR96/01123 



91 

28 - Acid nucleique selon l'une quelconque des 
revendications 23 a 27 comportant en outre un ou 
plusieurs intron(s) de preference d'origine vegetale. 

29 - Acide nucleique selon l'une quelconque des 
revendications 23 a 28 caracterise en ce que la 
sequence codant pour le composant proteique est un 
cDNA. 

3 0 - Vecteur comprenant une ou plusieurs 
molecule (s) d' acide nucleique selon l'une quelconque 
des revendications 23 a 29. 

31 - Cellules vegetales transf ormees de maniere 
stable par 1* acide nucleique selon l'une quelconque 
des revendications 23 et 29. 

32 - Cellules vegetales capables de produire un 
ou plusieurs proteine(s) heminique (s) selon l'une 
quelconque des revendications 15 a 22. 

33. Cellules vegetales selon la revendication 32 
caracterisees en ce qu'elles comportent de 1' acide 
nucleique comprenant une ou plusieurs sequence (s) 
codant pour un composant proteique de ladite proteine 
heminique en association a une ou plusieurs 
sequence (s) regulatrice (s) de transcription 

reconnue(s) par la cellule. 

34 - Cellules vegetales selon l'une quelconque 
des revendications 31 a 3 3 caracterisees en ce qu f il 
s'agit d'une culture de cellules vegetales, par 
exemple en milieu liguide ou immobilisees, ou une 
culture de racines. 

35 - Cellules vegetales selon l'une quelconque 
des revendications 31 a 3 3 caracterisees en ce qu'il 
s'agit de cellules faisant partie d'une plante 
transf ormee entiere . 

36 - Plante chimerique ou transgenique capable de 
produire une ou plusieurs proteine(s) heminique (s) , 
par exemple 1 'hemoglobine ou un derive de celle-ci, 
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caracterisee en ce qu'elle comporte des cellules selon 
l'une quelconque des revendications 31 a 33. 

37 - Graines de plante transgenigue selon la 
revendication 36. 

38 - Produit pharmaceutique comprenant une ou 
plusieurs proteine (s) heminique (s) selon rune 
quelconque des revendications 15 a 22 en association 
avec un excipient acceptable du point de vue 
physiologique. 

39 - Proteines heminiques selon l'une quelconque 
des revendications 15 a 22 pour utilisation comme 
medicament. 

40 - Proteine heminique selon la revendication 39 
pour une utilisation en therapie de conditions 
necessitant une amelioration du transport d 1 oxygen 
dans le sang. 

41 - Utilisation d'une proteine heminique selon 
l*une quelconque des revendications 15 a 22 pour la 
preparation d f un medicament pour le traitement de 
conditions necessitant une amelioration du transport 
d'oxygene dans le sang. 

42 - Utilisation d'une proteine heminique selon 
l'une quelconque des revendications 15 a 22 dans un 
produit cosroetique, industriel ou en tant que reactif 
chimique. 
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METHOD FOR PRODUCING HEMIN PROTEINS USING PLANT CELLS, 
RESULTING PROTEINS AND PRODUCTS CONTAINING SAME 

The invention relates to a method for producing hemin proteins using 
plant cells, and in particular the hemin proteins capable of reversibly binding oxygen, 
for example hemoglobin and its derivatives, and myoglobin. It relates, in addition, to 
the proteins obtained using the method. The invention also relates to the genetically 
transformed cells and plants capable of producing these proteins, and to the nucleic acid 
constructs involved in the transformation. In addition, the invention relates to products, 
for example pharmaceutical or cosmetic products, containing these hemin proteins. 

Hemin proteins are complex molecules composed of one or more 
polypeptide chain(s) in association with one or more ferroporphyrin nucleus or nuclei. 
These nuclei are composed of four pyrrole rings, juxtaposed in a closed structure and 
linked by methene bridges, and containing an iron atom at the center of the molecule. 
Hemin proteins differ from one another in the nature and the number of the polypeptide 
chains and in the nature of the side chains carried by the eight p atoms of the pyrrole 
rings. An example of a ferroporphyrin nucleus is iron-containing protoporphyrin IX, 
also known by the name "protoheme" or simply "heme" (Figure 1). 

The hemin protein family comprises numerous substances which are 
important from the biological point of view in animals and in plants, particularly 
hemoglobin, myoglobin, cytochromes, peroxidases and catalases. 

Hemoglobin is the main constituent of the red blood cells. Its essential 
function is to bind, transport and deliver the quantity of oxygen necessary for normal 
tissue function. 

The hemoglobin molecule is composed of two types of globin chains or 
subunits, called a and p (of 141 and 146 amino acids respectively), and linked in pairs 
to form a (X2P2 tetramer. Each of these subunits contains, solidly attached in a 
hydrophobic sac, a heme molecule (that is to say protoporphyrin IX) containing, at the 
center, a divalent iron atom (Fe ) to which a molecule of oxygen reversibly binds. 
Each tetrameric hemoglobin molecule therefore contains 4 iron atoms and 4 oxygen 
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molecules which it binds during its passage through the lungs. The molecular mass of 
the tetramer is 64,650 D. In man, the a and p chains are synthesized from two types of 
genes situated on chromosomes 16 and 1 1 respectively. 

The term beta, or "nonalpha", type chains covers not only the beta chains, 
but also the chains called epsilon, gamma or delta. 

Normally, in adults, more than 95% of the hemoglobin consists of alpha2 
beta2 tetramer, that is to say the association of two heterologous alpha-beta dimers, 
associated with the catalytic complex, heme. 2% to 3% of a hemoglobin consisting of 
alpha 2 delta 2 tetramers, and traces of fetal hemoglobin alpha 2 gamma 2 exist. 

The tetrameric human hemoglobin molecule exists in two quaternary 
forms or structures depending on whether oxygen is bound or not to the iron atoms. In 
the presence of oxygen, hemoglobin is said to be in an R (for relaxed) state and its 
affinity for oxygen is high. In the absence of oxygen, hemoglobin is said to be in a T 
(for tense) state and its affinity for oxygen is 100 times lower (Perutz, 1970). The 
resultant affinity is linked to the equilibrium between the concentrations of R and T 
forms. The higher the concentration of hemoglobin in the T form at any level of 
oxygenation, the lower this affinity. The affinity of hemoglobin for oxygen is regulated 
by the cofactor - 2,3-diphosphoglycerate (DPG), a small molecule derived from the 
metabolism of glucose and which binds to the p chains of tetrameric hemoglobin, 
reducing its affinity for oxygen. 

The increase in the risks of infection by products derived from human 
blood (hepatitis, HIV) makes the development of an artificial oxygen carrier as 
substitute for blood transfusion necessary. 

Techniques using recombinant DNAs have been proposed for producing 
the protein chains of globin. 

The aim of the first techniques developed was essentially to cause the 
alpha and beta chains to be synthesized in E. coli separately (Nagai* and Thogen-Sen, 
1987), involving cumbersome methods for separate expression of each of the chains. 
These methods could hardly be exploited on an industrial scale. 

More recently, the expression of soluble and functional recombinant 
hemoglobin has been developed in E. coli (Hoffinan et al., 1990, P.N.A.S., 87, 8521- 
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8525) and Saccharomyces cerevisiae (Wagenbach et al., 1991, Biotechnology, 9, 57- 
61). Each of these systems has advantages and disadvantages. Indeed, the highest 
expression levels are obtained in E. coli which has, nevertheless, the disadvantage of 
producing endotoxins and of not cleaving the NH 2 terminal methionines contrary to 
Saccharomyces cerevisiae . In the yeast, the yields of synthesis of hemoglobin are low 
(3 to 5%), compared with the 10-15% obtained in E. coli . This currently limits the use 
of yeast in the context of an industrial development plan. 

The use of animal cells in culture or of transgenic animals as hosts for 
production has also been achieved (Swanson et al., Bio/Technology, May 1992, 10, 
page 55). It appears that these techniques cannot currently be exploited because of low 
expression levels and the risks of contaminations by viruses and by prions. 

The technical problem which the present invention purposes to solve is to 
produce hemin proteins, and in particular hemoglobin and its derivatives, in a large 
quantity at low costs, without the risk of viral or subviral contaminations. The inventors 
have provided a solution to this problem by using plant cells as host for the 
transformation and the production. 

Various teams have already taken an interest in the production of 
mammalian recombinant proteins in plant cells or in transgenic plants. For example, 
the specific expression, in rapeseed, of leu-enkephalin has been obtained with 
expression levels of about 0.1% (Vanderkerckhove et al, Biotechnology, 1989, 7, 929- 
932). 

In 1990, Sijmons et al., (Biotechnology, 1990, 8, 217-221) transferred the 
gene for human serum albumin into tobacco and potato cells. Regardless of the origin 
of the signal peptides (human or plant), human serum albumin levels of the order of 
0.02% of the total proteins were obtained in the potato leaves, stems and tubers. 

Other mammalian recombinant proteins have also been produced in 
plants: hepatitis B surface antigen (Mason et al, P.N.A.S., 1992, 89, 1 1745-1 1749); 
human interferon (Edelbaum J. of Interferon Res., 1992, 12, 449-453); a mouse 
antibody to Streptococcus mutans, an agent for dental caries (Hiatt and Ma, FEBS, 
1992, 307, 71-75); an anti-Herpes antibody (Russel, 1994) and hirudin (Moloney, 
1994). 
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All these research studies show that the production of mammalian 
recombinant proteins in plant cells is possible and that the mechanisms of protein 
synthesis from the DNA sequences are similar in animal cells and plant cells. 

On the other hand, little information is available on the subject of the 
iron-containing porphyrins in plants, particularly on their structures, their synthesis 
pathways and the assembly of the porphyrin nuclei and the protein chains to form the 
hemin proteins. The production of recombinant molecules having the capacity to 
reversibly bind oxygen, and requiring the assembly, in the cell, of heterologous proteins 
and of endogenous plant porphyrins has never been described. 

The invention relates to a method for producing recombinant hemin 
proteins using plant cells. According to the method of the invention, the plant cell is 
genetically modified so as to be able to express the protein component of a hemin 
protein. The porphyrin nucleus is produced by the cell endogenously, the assembling of 
the protein and porphyrin components taking place spontaneously by virtue of their high 
affinity for each other. 

More particularly, the invention relates to a method for producing hemin 
proteins comprising the following steps: 

i) introducing, into plant cells, one or more nucleic acid molecule(s) each of which 
comprises at least one sequence encoding a protein component of a hemin protein of 
animal origin or a variant or a portion of this protein component, and optionally a 
sequence encoding a selection agent; 

ii) selecting the cells which have integrated the nucleic acid encoding the protein 
component; 

iii) propagating the transformed cells, either in culture or by regenerating whole 
transgenic or chimeric plants; 

iv) recovering, and optionally purifying, a hemin protein comprising a complex of 
the protein or proteins encoded by the abovementioned nucleic acid with at least one 
iron-containing porphyrin nucleus, or a plurality of these complexes. 

The invention preferably relates to a method for producing hemin 
proteins comprising the following steps: 
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i) introducing, into plant cells, one or more nucleic acid molecule(s) each of which 
comprises at least one sequence encoding a protein component of a hemin protein of 
animal origin preferably capable of reversibly binding oxygen or a variant or a portion 
of this protein component, and optionally a sequence encoding a selection agent; 

ii) selecting the cells which contain the nucleic acid encoding the protein 
component of the hemin protein; 

iii) optionally, propagating the transformed cells, either in culture or by regenerating 
whole transgenic or chimeric plants; 

iv) recovering, and optionally purifying, a hemin protein comprising a complex 
consisting of the protein or proteins encoded by the abovementioned nucleic acid and at 
least one iron-containing porphyrin nucleus, or a plurality of these complexes. 

In the context of the present invention, the term "hemin protein" means 
any protein having an iron-containing porphyrin nucleus as prosthetic group, and in 
particular protoporphyrin IX as exists in human myoglobin and hemoglobin (Figure 1). 
The porphyrin nucleus may also be derivatives of heme from those of human heme. 
The side chains are preferably hydrophobic. 

The hemin proteins of the invention include in particular the hemin 
proteins having, as main function, the reversible binding of oxygen, that is to say 
myoglobin and hemoglobin, as well as the cytochromes whose role is to transport 
electrons. The derivatives of these proteins conserving these functions are also included 
in the invention. 

According to a preferred variant, the hemin protein of the invention is 
hemoglobin or a hemoglobin-type protein. In the context of this invention, the term 
"hemoglobin-type protein" includes all the hemin proteins having at the same time: 

i) one or more a- and/or p-globin chain(s) or variants of these polypeptides, and 

ii) one or more molecules of iron-containing protoporphyrin IX, or of 
protoporphyrins differing from protoporphyrin IX in the nature of the side chains, 

iii) having a capacity to reversibly bind oxygen, preferably with an affinity of 
between 10 and 50 mm Hg at 37°C, pH7.4. More particularly, the affinity is between 
20 and 30 mm Hg, by way of example, the P 50 of total blood at pH 7.2 is of 26 ± 2 mm 
Hg. 
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In the text which follows, the term "hemoglobin-type molecule" will be 
used synonymously with the term "hemoglobin derivative". 

In this context, a "variant" of a protein component, and particularly of a- 
or P-globin, means an amino acid sequence which distinguishes itself in relation to the 
natural sequence by one or more amino acid substitution(s), deletion(s) or insertion(s). 
In general, the variant exhibits at least 90%, and preferably at least 95%, homology or 
identity with the natural sequence. In the context of the present invention, the 
percentage homology between two amino acid sequences is calculated as being the 
number of identical amino acids plus the number of similar amino acids in the 
alignment of the two sequences, divided by the length of the sequences between two 
given positions. If, between the two given positions, the two sequences do not have the 
same length, the percentage homology is the number of identical and similar amino 
acids, divided by the length of the longest sequence. The amino acids considered to be 
"similar" are known in the art, see for example R.F. Feng, M.S. Jobson and R.F. 
Doolittle; J. Mol. Evol.; 1985; 21; 112-115. They are normally considered to be those 
which, within a permutation matrix, have a positive coefficient of substitution. 

The term "variant" also includes fragments of polypeptide chains, for 
example of a- or p-globin, normally having a length of at least 90% of the parent 
molecule. The variants can also be made longer than the parent molecule by adding 
nonfunctional sequences. Preferably, the variants conserve the biological and 
immunological properties of the parent molecule. 

The first stage of the method of the invention consists in introducing, into 
plant cells, one or more nucleic acid molecule(s) comprising at least one sequence 
encoding a protein component of a mammalian hemin protein, or a variant of this 
component. 

When the hemin protein is a single-chain protein, for example myoglobin 
or cytochrome, the nucleic acid introduced into the plant cells normally comprises a 
copy of the sequence encoding this protein. 

On the other hand, when it is an oligomeric or a multimeric protein, such 
as hemoglobin or hemoglobin-type molecules, the sequences encoding the various 
protein units are introduced into the plant cell, either within the same nucleic acid 
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molecule, or within separate nucleic acid molecules. Preferably, for the production of 
hemoglobin and its derivatives, the sequences encoding a- and p-globin, or their 
variants, are within the same vector, called co-expression vector. The vector may 
comprise one or more copy(ies) of each encoding sequence. 

Alternatively, the sequences encoding a- and p-globin, or their variants, 
may be present on separate nucleic acid molecules. According to this variant, the two 
molecules may be introduced into the same plant cell, provided that an appropriate 
selection system is available. Another technique consists in introducing one of the 
molecules into a first plant cell, and the other into a second plant cell. Each of the 
transformed cells is then regenerated into a whole plant, it then being possible for the 
plants thus obtained to be crossed in order to give a progeny capable of producing both 
the a and p chains. This approach can be used to optimize the yield of hemoglobin. 

The nucleic acid molecules introduced into the plant cell during the first 
stage of the method are also part of the invention. Generally, these nucleic acids 
comprise: 

i) one or more sequence(s) encoding a protein component of an animal hemin 
protein, and 

ii) one or more sequence(s) encoding a targeting signal of plant origin, and/or 
sequences for regulation of transcription which are recognized by a plant cell. 

More particularly, the nucleic acid of the invention comprises: 

i) one or more sequence(s) encoding a protein component of an animal hemin 
protein, the said protein having the capacity to reversibly bind oxygen, and 

ii) sequences for regulation of transcription which are recognized by a plant cell, 
comprising a promoter and sequences for regulation of termination, and 

iii) one or more sequence(s) encoding a targeting signal of plant origin. 

Preferably, the sequences encoding the protein component encode animal 
a- or p-globin, for example of human or bovine origin, or the variants thereof. In this 
manner, the properties of the molecule, and in particular the affinity for oxygen and the 
stability, can be optimized. 

Among these modifications, it is possible, for example, to introduce into 
one or into both of the a- and P-globin chains, by site-directed mutagenesis, one or two 
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sequence difFerence(s) in order to reduce the affinity for oxygen. These mutations may 
be chosen from examples of natural mutations (see Table I), or from the mutations 
indicated by examination of the three-dimensional model of natural hemoglobin A. 
Table I: Some mutated human hemoglobins 
(Int. Hemoglobin Center, 1995) 



Abnormal hemoglobin Normal 

residues and 
positions 



Replacement 



I 

^Honolulu 

Norfolk 

MBoston 

Gphiladelphia 

^Indonesia 



a chain 

16Lys 

30Glu 

57Gly 

58 His 

68 Asn 

116Glu 



Glu 
Gin 
Asp 
Tyr 
Lys 
Lys 



C 
S 

Gsan Jose 

E 

Msaskatoon 

Zurich 

Milwaukee 
Dpunjab 

Mequon 
Providence 



P chain 
6 Glu 

6 Glu 

7 Glu 
26 Glu 
63 His 
63 His 
67 Val 
121 Glu 
41Phe 
82 Lys 



Lys 
Val 
Gly 
Lys 
Tyr 
Arg 
Glu 
Gin 
Tyr 
Asp 



In a very advantageous manner, the mutants whose functional properties 
correspond to the physiological conditions for oxygen transport will be used: reversible 
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binding, cooperativity and low speed of autooxidation. Among the mutants, there will 
be preferably used the double mutants CX2P2F4I Y,K82D (that is to say a mutant whose p 
chain comprises the following modifications: Phe-41 is replaced by Tyr, and Lys-82 is 
replaced by Asp) or (X2P2F4I Y,K66T (that is to say a mutant whose p chain comprises 
the following modifications: Phe-41 is replaced by Tyr, and Lys-66 is replaced by Thr) 
which correspond to these functional characteristics. 

The modifications of the a and p chains may also be carried out in order 
to stabilize the molecule, that is to say to avoid the dissociation of the tetramer into 
small-sized dimers which are rapidly filtered by the kidneys and which limit the 
intravascular life of hemoglobin. Covalent bridging, with the aid of phosphate or 
diaspirin, has been demonstrated as being an effective technique for stabilizing the 
tetramer (Benesch and Kwong, 1994). The same result can be obtained through 
modifications of the amino acid chain. The a subunits are produced in an alpha-alpha 
dimeric form linked by a glycyl residue. In this form, they conserve their capacity to 
correctly assemble onto the beta partner subunits and onto heme in order to form a 
soluble hemoglobin. This hemoglobin can no longer dissociate into dimers because the 
tetrameric structure is stabilized by a covalent bond (peptide bond) between the alpha- 
beta dimers. This technique makes it possible to increase the intravascular half-life of 
the molecule. 

Among the variants, it is also possible to use a hybrid protein composed 
of a portion of the alpha chain and a portion of the beta chain. 

According to a preferred variant of the invention, the nucleic acid 
comprises, in addition to the sequences encoding a- or p-globin, sequences encoding 
targeting signals. Preferably, these signals are chloroplast or mitochondrial targeting 
signals. The expression and/or accumulation of the recombinant proteins in these 
organelles is particularly preferred because of the availability of endogenous iron- 
containing porphyrins which are found here. The yield of hemin proteins is therefore 
increased. In addition, the targeting of the proteins toward the chloroplasts and the 
mitochondria avoids glycosylation of the protein, which may be advantageous since the 
natural hemoglobin molecule is not glycosylated. 



10 

As an example of chloroplast targeting signals, there may be mentioned 
the sequence encoding the transit peptide of the precursor of the small subunit of 
ribulose 1,5 -diphosphate carboxylase of Pisum sativum (see examples). As 
mitochondrial targeting signals, there may be mentioned the sequence encoding the 
transit peptide of the precursor of the beta subunit of mitochondrial ATP-aseFl of 
Nicotiana plumbaginifolia (see examples). 

These transit peptides, as well as the N-terminal methionine, are normally 
cleaved in the chloroplasts or the mitochondria. The expression of the proteins in the 
plastids therefore also has the advantage of producing a molecule lacking N-terminal 
methionine as natural molecule. 

According to another variant, the targeting sequences may be sequences 
encoding an N-terminal signal peptide ("prepeptide"), optionally in association with a 
signal responsible for retaining the protein in the endoplasmic reticulum (KDEL-type 
signal), or a vacuolar targeting signal or "propeptide". The presence of the N-terminal 
signal peptide or prepeptide allows the penetration of the nascent protein into the 
endoplasmic reticulum where a certain amount of post-translational processing occurs, 
particularly the cleaving of the signal peptide, the N-glycosylations, if the protein in 
question has N-glycosylation sites, and the formation of disulfide bridges. Among these 
various signals, the prepeptide responsible for the targeting of the protein into the 
endoplasmic reticulum, is dominant. It is normally a hydrophobic N-terminal signal 
peptide having between 10 and 40 amino acids and being of animal or plant origin. 
Preferably, it is a prepeptide of plant origin, for example that of sporamine, barley 
lectin, plant extensin, cc-mating factor, pathogenesis protein 1 or 2. 

Normally, the signal peptide is cleaved by a peptidase signal upon the co- 
translational introduction of the nascent polypeptide into the lumen of the RER. The 
mature protein no longer contains this N-terminal extension. 

The targeting sequences can, besides the prepeptide, also comprise an 
endoplasmic retention signal, consisting of the KDEL, SEKDEL or HEKDEL peptides. 
These signals normally exist at the C-terminal end of the protein and remain on the 
mature protein. The presence of this signal tends to increase the recombinant protein 
yields. 
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The targeting signals may, besides the prepeptide, also comprise a 
vacuolar targeting signal or "propeptide". In the presence of such a signal, after passing 
into the RER, the protein is targeted toward the vacuoles of the aqueous tissues, the 
leaves for example, as well as to the protein bodies of the storage tissues, for example 
the seeds, tubers and roots. The targeting of the protein toward the protein bodies of the 
seed is particularly advantageous because of the capacity of the seed to accumulate 
proteins, up to 40% of the proteins relative to the dry matter, in cellular organelles 
derived from the vacuoles, called protein bodies and because of the possibility of 
stocking, for several years, the seeds containing the recombinant proteins in the 
dehydrated state. 

As propeptide, it is possible to use a signal of animal or plant origin, the 
plant signals being particularly preferred, for example prosporamine. The propeptide 
may be N-terminal ("N-terminal targeting peptide" or NTTP), or C terminal (CTTP) 
Since the propeptides are normally cleaved upon entry of the protein into the vacuole, it 
is not present in the mature protein. 

The use of the signal peptide or prepeptide can lead to the glycosylation 
of the protein. Normally, globin has no N-glycosylation sites, but these may be 
introduced by mutagenesis. The a and P chains can also have O-glycosylation sites. 

In the absence of any targeting signal, the protein is expressed in the 

cytoplasm. 

The nucleic acid introduced into the plant cell may also comprise 
sequences for regulation of transcription which are recognized by the plant cell. The 
nucleic acid is in this case a "chimeric gene". The regulatory sequences comprise one 
or more promoter(s) of plant or viral origin or obtained from Agrobacterium 
tumefaciens . They may be constitutive promoters, for example the CaMV 35S, the 
double 35S, the Nos or OCS promoters, or promoters specific for certain tissues such as 
the grain or specific for certain phases of development of the plant. As promoters 
specific for seeds, there may be mentioned the promoter of the gene for napin and for 
the acyl carrier protein (AC?) (EP-A-0,255,378), as well as the promoters of the AT2S 
genes of Arabidopsis thaliana , that is to say the PAT2S1, PAT2S2, PAT2S3 and 
PAT2S4 promoters (Krebbers et al., Plant Physiol., 1988, vol. 87, pages 859-866). It is 
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particularly preferable to use the cruciferin or phaseolin promoter or pGEAl and 
pGEA6 of Arabidopsis , promoters of genes of the "em, Early Methionine labeled 
protein" type, which is strongly expressed during the phases of drying of the seed. 

It is possible to envisage using "enhancers" to improve the efficiency of 
expression. When the transformation occurs directly in the chloroplast and 
mitochondrial genomes, gene promoters specific for these compartments can be used. 

The sequences for regulation of transcription normally comprise 
sequences for termination of transcription which are of plant or of viral origin, for 
example 35S, or of bacterial origin (Agrobacterium). 

When the transforming nucleic acid does not comprise regulatory 
sequences, it is preferable to add onto each end of the nucleic acid a DNA sequence 
homologous to the genomic sequences which are adjacent to a specific insertion site in 
the genome. This allows the integration of the construct by homologous recombination, 
at a site where endogenous regulatory sequences can control the expression of the 
heterologous sequences. 

The nucleic acids of the invention may also comprise one or more 
intron(s), preferably of plant origin. These introns, which are obtained from a plant 
gene, are introduced artificially so as to increase the efficiency of expression of the 
heterologous sequence. 

Indeed, it has been demonstrated, particularly in monocotyledonous 
plants, that the insertion of an intron into the untranslated 5 f portion of a gene, that is to 
say between the site of initiation of transcription and the site of initiation of translation, 
leads to an improvement in the stability of the messenger, and consequently, to a better 
expression. The intron(s) used in this manner are obtained preferably from a 
monocotyledonous plant such as maize. This is preferably, but not necessarily, the first 
intron of the gene. 

The nucleic acid sequence encoding a- and P-globin and its variants is 
normally cDNA. Appropriate sequences are illustrated in Figures 2 and 3, any 
degenerate sequence can also be used as well as the sequences of the variants as defined 
above. 
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The introduction of a nucleic acid molecule(s) into the plant cell can be 
carried out in a stable manner either by transformation of the nuclear genome, or by 
transformation of the chloroplast genome of the plant cell, or by transformation of the 
mitochondrial genome. 

For the transformation of the nuclear genome, conventional techniques 
may be used. All known means for introducing foreign DNA into plant cells may be 
used, for example Agrobacterium , electroporation, protoplast fusion, particle gun 
bombardment, or penetration of DNA into cells such as pollen, microspore, seed and 
immature embryo. Viral vectors such as the Gemini viruses or the satellite viruses may 
also be used as introducing means. Agrobacterium tumefaciens and rhizogenes 
constitute the preferred means. In this case, the sequence of the invention is introduced 
into an appropriate vector with all the necessary regulatory sequences such as 
promoters, terminators and the like, as well as any sequence necessary for selecting the 
transformants which have integrated the heterologous sequences. 

The transformation of the nuclear genome of the plant cell is often 
carried out using the targeting signals mentioned above and which determine the 
cellular compartment where the expression and/or accumulation of the protein will 
occur. 

According to another variant of the invention, the introduction of the 
nucleic acid into the plant cell can be carried out by the transformation of the 
mitochondrial or chloroplast genomes (see for example Carrer et al., Mol. Gen. Genet., 
1993,241,49-56). 

Techniques for direct transformation of the chloroplasts or the 
mitochondria are known per se and may comprise the following steps: 

i) introducing transformant DNA by the biolistic technique (Svab et al, P.N.A.S., 
1990, 87, 8526-8530); 

ii) integrating the transformant DNA by two homologous recombination events; 

iii) selectively removing copies of the wild-type genome during repeated cell 
divisions on selective medium. 

In order to allow the homologous recombination of the transformant 
DNA, two DNA fragments homologous to the genomic sequences, for example the 
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rbcL and ORF 512 genes are added to each end of the DNA to be inserted into the 
genome. 

The direct transformation of the chloroplasts or mitochondria has the 
advantage of substantially increasing the yield of hemoglobin but the N-terminal 
methionine is retained. 

According to another variant of the invention, the heterologous nucleic 
acid can be introduced into the plant cell by means of a viral vector. 

The method of the invention comprises a step of detecting the hemin 
proteins and in particular hemoglobin and its derivatives. This makes it possible to 
verify if the plant or the plant cell is capable, not only of expressing the heterologous 
proteins, but also of assembling them correctly with the porphyrin nucleus. For the 
hemoglobin in a complex environment containing other chromophores or molecules 
which scatter light, detection by time-resolved optical spectroscopy will be 
advantageously used. This technique is described in detail in the examples. Other 
detection techniques consist in using antibodies specific for the alpha or beta globin 
chains or their variants. The spectrometric and immunological techniques can be used 
in association with each other. The use of these techniques makes it possible to select 
the plants which are capable of producing hemoglobin and its derivatives according to 
the invention. 

The method of the invention comprises, in addition, a step of recovering 
or extracting hemoglobin or its derivatives from plant tissues. The extraction is 
normally carried out by grinding the tissues, for example leaves or grains, in an 
appropriate buffer, filtering the ground product, precipitating the proteins in the 
supernatant, centrifuging and taking up the pellet in an appropriate buffer with dialysis. 
A partial purification step can also be carried out at this stage by chromatography on an 
anion-exchange column. 

The tetramer of hemoglobin, or of its derivatives, is purified by two 
successive chromatographies on an ion-exchange resin followed by a step of 
concentrating and saturating the concentrate with carbon monoxide. These techniques 
are described in detail in the examples. 
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When the expression of hemoglobin and of its derivatives take place 
under the control of a constitutive promoter, such as the 35S double promoter, an 
expression level of at least 1% hemoglobin compared with the total proteins may be 
obtained. The proteins represent about 10% of the dry mass of the leaf and a ton of dry 
tobacco leaves is harvested per hectare. It is therefore possible to obtain of the order of 
100 grams of hemoglobin per hectare of tobacco cultivated, assuming that only 10% of 
the hemoglobin produced is purified. 

The method of the invention therefore allows the production of 
hemoglobin at very low costs with a higher production capacity than that obtained using 
fermenters of the culture of bacteria or yeast. 

Besides the method of transformation, the invention also includes vectors 
comprising one or more nucleic acid(s) or chimeric gene(s) defined above. As an 
example of vectors, there may be mentioned binary vectors or plasmids, viral vectors 
such as gemini viruses or the CaMVs. 

The invention also relates to the plant cells transformed with the nucleic 
acid sequences of the invention. Preferably, they are transformed plant cells capable of 
producing one or more hemoglobin(s) or derivatives of hemoglobin according to the 
invention. 

They may be plant cell cultures in vitro , for example in liquid medium. 
Various modes of culture ("batch", "fed batch" or continuous) for this type of cells are 
currently under study. The "batch" cultures are comparable to those carried out in an 
Erlenmeyer flask since the medium is not changed, these cells thus have only a limited 
quantity of nutrient materials. The "fed batch" culture corresponds, for its part, to a 
"batch" culture with programmed supply of substrate. For a continuous culture, the 
cells are supplied continuously with nutrient medium. An equal volume of the biomass- 
medium mixture is removed in order to maintain the volume of the reactor constant. 
The quantities of plant biomass which can be envisaged with cultures in bioreactors are 
variable depending on the plant species, the mode of culture and the type of bioreactor. 
Under certain conditions, biomass densities of about 10 to 30 g of dry weight per liter of 
culture can be obtained for species such as Nicotiana tabacum , Vinca rosea and 
Catharanthus roseus. 



The cells of the invention can also be immobilized, which makes it 
possible to obtain a constant and prolonged production of hemoglobin. The separation 
of the hemoglobin and the plant biomass is also facilitated. As immobilization method, 
there may be mentioned immobilization in alginate or agar beads, inside polyurethane 
foam, or alternatively inside hollow fibers. 

The cells of the invention may also be root cultures. The roots cultivated 
in vitro , in a liquid medium, are called "Hairy roots", they are roots transformed by the 
bacterium Agrobacterium rhizogenes . 

Instead of producing the hemoglobin of the invention by culturing plant 
cells, it is possible to regenerate chimeric or transgenic plants from transformed 
explants, using techniques known per se. 

As appropriate plants, there may be mentioned the Angiospermae 
comprising monocotyledonous and dicotyledonous plants. More particularly, there may 
be mentioned tobacco, species belonging to botanic families such as leguminous plants 
(for example beans, peas and the like), cruciferous plants (for example cabbage, 
raddish, rapeseed and the like), Solanaceae (for example tomatoes, potato and the like), 
Cucurbitaceae (for example melon), Chenopodiaceae (for example beetroot), 
Umbelliferae (for example carrots, celery and the like). There may also be mentioned 
cereals such as wheat, maize, barley, triticale and rice, oleaginous plants such as 
sunflower and soybean. Tobacco, potato, tomato and maize are particularly preferred. 
For potato, the expression takes place preferably in the tubers. 

The invention also relates to the seeds of transgenic plants capable of 
producing hemoglobin as well as their progeny. 

The invention also relates to the hemin proteins which may be obtained 
by the method of the invention, in particular, the hemin proteins capable of reversibly 
binding oxygen, for example the hemoglobins and derivatives thereof. 

The hemoglobins of the invention are capable of binding O2 in a 
reversible manner with an affinity (P 50 ) preferably close to physiological values (37°C), 
pH 7.40). The affinity of the molecule for 0 2 is expressed as P 50 : that is to say the 
partial pressure of 0 2 when hemoglobin or its derivatives is 50% saturated. The P 50 is 
measured according to the usual techniques, for example by means of an analyzer which 



17 

measures the percentage 0 2 saturation as a function of the 0 2 pressure (Kister et al., 
1987). Normally, the hemoglobins of the invention have an acceptable autooxidation 
rate in order to minimize the formation of methemoglobin which is unsuited to the 
transport of O2. This characteristic can be measured by the absorption spectrum. 

Preferably, the hemoglobins of the invention are tetramers, preferably 
alpha 2 beta 2 , beta4, or optionally tetramers of chimeric a/p subunits (Dumoulin et al, 
1994, Art. Cells, Blood Subst., and Immob. Biotech., 22, 733-738) or multiples of four 
subunits. The physical size of the complex should be at least that of the tetramer in 
order to avoid its filtration by the kidneys. 

The hemin proteins of the invention can be used in numerous 
pharmaceutical, cosmetic or industrial applications. The invention relates in particular 
to pharmaceutical compositions comprising one or more hemin protein(s) according to 
any one of Claims 15 to 23, in association with a physiologically acceptable excipient. 

In the pharmaceutical field, all the conditions requiring an improvement 
of the transport of oxygen can be treated with the hemoglobins of the invention, these 
conditions comprising the following: 

- acute or chronic hemorrhage, 

- states of shock, 

- coronary or sylvian angioplasties, 

- treatments of solid tumors, sensitization to gamma-therapy, 

- preservation of organs before transplant and during transport, 

- malignant hemopathies. 

The hemoglobins of the invention are normally used in the form of an 
injection in solutions optionally stabilized as regards the tetrameric form of the complex 
(for example addition of pyridoxal phosphate or diaspirin) as regards autooxidation. It 
is also possible to use suspensions of hemoglobin grafted on a support in order to 
increase the lifetime in the bloodstream. The support may be any conventional support 
in this domain, for example polysaccharides. 

Various aspects of the invention are illustrated in the figures: 
- Figure 1: Iron-containing protoporphyrin III (IX), 
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- Figure 2: cDNA sequence of human ot-globin (423 base pairs), and 
corresponding protein, 

- Figure 3: cDNA sequence of human p-globin (438 base pairs), and 
corresponding protein, 

- Figure 4: Experimental device for flash photolysis. A pulsed laser 
serves for the photodissociation of the Hb ligands: (HbCO -> Hb + CO). A second 
optical beam, oriented at 90°, detects changes in absorption as a function of time after 
dissociation. 

- Figure 5: Kinetics of bimolecular recombination of CO with 
hemoglobin in plant extract. The two phases correspond to the two allosteric states of 
Hb: R (rapid) and T (slow). 

Conditions: 0.1 atm CO, pH 6-6, 25°C, about 50% dissociation, 0-1, 1 and 10 jaM Hb. 

- Figure 6: Kinetics of recombination of CO with hemoglobin as a 
function of the percentage dissociation (by variation of the laser energy). The kinetics 
are sensitive to the number of ligands dissociated (1 to 4). At a high level of 
dissociation, Hb (deoxy or mono-ligand containing) shifts toward the slow form "T". 
At a low laser energy, the tetramers (mainly with three ligands) remain in the rapid form 
"R". 

- Figure 7: Western-blot analysis of the extract of the seeds of the 
transgenic tobacco T26-22 transformed with the plasmid pBIOC59. The extracts of 
seeds (75 jig of proteins) of a nontransformed tobacco (1) and of a transgenic tobacco 
(T26-22) (2), molecular weight markers (3) and HbA (50 ng) (4) are separated by SDS- 
PAGE 17% electrophoresis under reducing conditions. The Western blotting is carried 
out under the conditions described in section X.a. The molecular weight markers and 
the a and (5 globins are indicated. 

- Figure 8: Western-blot analysis of the fractions obtained during partial 
purification. The proteins in the fractions eluted from Sephacryl S-100 (37 j^g), from S- 
Sepharose (30 jig) which are obtained during purification from mixtures of control 
seeds [(2) and FE-Control (4) respectively] and of seeds accumulating rHb [(3) and FE- 
rHb (5) respectively], HbA (50 ng) (1) and molecular weight markers (6) were 
separated by SDS-PAGE 17% electrophoresis under reducing conditions. The Western 
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blotting is carried out under the conditions described in section X.a. The molecular 
weight markers and the a and p globins are indicated. 

- Figure 9: Kinetics of recombination of CO with the FE-rHb fraction. 
The kinetics, following flash photolysis, is characteristic of the normal tetrameric Hb. 
The FE-Control fraction obtained from the control plants gives a signal of amplitude 1 
mOD, that is to say about 50 times weaker than that observed for the FE-rHb fraction 
(48 mOD). 

- Figure 10: Kinetics of recombination of CO with the FE-rHb fraction 
at various laser intensity levels. Similar results are observed for HbA (Figure 6). 

- Figure 1 1 : Demonstration of the reversible binding of oxygen to the 
FE-rHb sample. Since the oxyhemoglobin samples give only weak signals, we used, for 
these measurements, the techniques of mixing a CO atmosphere and 0 2 . After 
photodissociation of CO, the rapid phase corresponds to the binding of oxygen. The 
oxygen is then replaced with CO which can again be photodissociated. The figure also 
shows the kinetics of recombination of the CO of the same sample equilibrated under 1 
atmorO.l atmCO. 

EXAMPLES 

I. CONSTRUCTION OF BASAL EXPRESSION BINARY PLASMIDS 
ALLOWING THE PRODUCTION OF RECOMBINANT PROTEINS IN 
TOBACCO LEAVES. 

The expression of genes in tobacco leaves requires the following 
regulatory sequences: 

1) the constitutive double 35S promoter (pd35S) of CaMV 
(cauliflower mosaic virus). It corresponds to a duplication of the transcription- 
activating sequence situated upstream of the TATA element of the natural 35S promoter 
(KayetaL, 1987). 

2) the sequence for termination of transcription, 35S polyA 
terminator, which corresponds to the noncoding 3' region of the sequence of the circular 
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double-stranded DNA cauliflower mosaic virus producing the 35S transcript (Franck et 
al., 1980). 

The constructions of the various plasmids via the use of recombinant 
DNA techniques (Sambrook et al., 1989) are derived from pBIOC4. This binary 
plasmid is derived from pGA492 (An, 1986) which contains, between the right and left 
borders derived from the plasmid pTiT37 of Agrobacterium tumefaciens , on its transfer 
DNA, the following sequences: 

the constitutive promoter of the nos gene encoding nopaline synthase 
(Depickeret al., 1982), 

the coding sequence of the nptll gene encoding neomycin 
phosphotransferase II (Berg and Berg, 1983) deleted off the region of the first 8 codons 
including the ATG methionine initiation codon and fused to the sequence of the first 14 
codons of the coding sequence of the nos gene (Depicker et al., 1982), the coding 
sequence of the nos gene lacking the region of the first 14 codons, the nos terminator 
(Depicker et al., 1982), a polylinker (Hindni-Xbal-SacI-Hpal-KpnI-Clal-Bglll) 
preceding the cat gene encoding chloramphenicol acetyltransferase (Close and 
Rodriguez, 1982) and the termination sequences of gene 6 of the plasmid pTiA6 
Agrobacterium tumefaciens (Liu et al., 1993). 

To remove virtually the whole of the coding sequence of the cat gene, the 
plasmid pGA492 was doubly digested with Sad (restriction site of the polylinker) and 
with Seal (restriction site present in the sequence of the cat gene) and then subjected to 
the action of the enzyme T4 DNA polymerase (New England Biolabs) according to the 
manufacturer's recommendations. The ligation of the modified plasmid (20 ng) was 
carried out in a reaction medium of 10 (il containing 1 (al of lOx T4 DNA ligase buffer 
(Amersham) and 2.5 U of T4 DNA ligase enzyme (Amersham) at 14°C for 16 hours. 
The E. coli DH5oc bacteria previously made competent were transformed (Hanahan, 
1983). 

The plasmid DNA of the clones obtained, selected on 12 jig/ml 
tetracycline, was extracted according to the alkaline lysis method (Birnboim and Doly, 
1979) and analyzed by enzymatic digestion with restriction enzymes. Next, the Hindlll 
restriction site of the plasmid DNA of the selected clone was modified at an EcoRI 
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restriction site with the aid of a phosphorylated Hindm - EcoRI adaptor (Stratagene 
Cloning Systems). To carry out this modification, 500 ng of plasmid DNA of the 
selected clone were digested with Hindm, dephosphorylated with the enzyme calf 
intestinal alkaline phosphatase (Boeringer Mannheim) according to the manufacturer's 
recommendations and coprecipitated in the presence of 1500 ng of HindlQ-EcoRI 
adaptor DNA, 1/10 volume of 3 M sodium acetate pH 4.8 and 2.5 volumes of absolute 
ethanol at -80°C for 30 min. After centrifugation at 12000 g for 30 min, the precipitated 
DNA was washed with 70% ethanol, dried, taken up in 8 |il of water, heated at 65 °C for 
10 min, and then ligated in the presence of 1 \il of lOx T4 DNA ligase buffer 
(Amersham) and 2.5 U of the enzyme T4 DNA ligase (Amersham) at 14°C for 16 
hours. After inactivation of the T4 DNA ligase at 65°C for 10 min, the ligation reaction 
mixture was digested with EcoRI, purified by electrophoresis on a 0.8% agarose gel, 
electroeluted (Sambrook et al., 1989), precipitated in the presence of 1/10 volume of 3 
M sodium acetate pH 4.8 and 2.5 volumes of absolute ethanol at -80°C for 30 min, 
centrifuged at 12000 g for 30 min, washed with 70% ethanol and then dried. The E. 
coli DH5ct bacteria previously made competent were transformed (Hanahan, 1983). 
The plasmid DNA of the clones obtained, selected on 12 \ig/m\ tetracyclin, was 
extracted according to the alkaline lysis method (Birnboim and Doly, 1979) and 
analyzed by enzymatic digestion with Hindlll and EcoRI in particular. The resulting 
binary plasmid, which now possesses only the last 9 codons of the coding sequences of 
the cat gene and in which the EcoRI site is unique, was called pBIOC4. 

a. CONSTRUCTION OF THE EXPRESSION BINARY PLASMID pBIOC2 1 . 

The expression cassette, consisting of the pd35S promoter and the 35S 
polyA terminator, was isolated from the plasmid pJIT163D. The plasmid pJIT163D is 
derived from the plasmid pJIT163 which is itself derived from the plasmid pJIT60 
(Guerineau and Mullineaux, 1993). The plasmid pJIT163 possesses an ATG codon 
between the Hindlll and Sail sites of the polylinker. To eliminate this ATG and to 
obtain the plasmid pJIT163D, the plasmid DNA pJIT163 was doubly digested with 
Hindlll and Sail, purified by electrophoresis on a 0.8% agarose gel, electroeluted 
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(Sambrook et al., 1989), precipitated in the presence of 1/10 volume of 3 M sodium 
acetate pH 4.8 and 2.5 volumes of absolute ethanol at -80°C for 30 min, centrifuged at 
12000 g for 30 min, washed with 70% ethanol, dried, subjected to the action of the 
Klenow enzyme (New England Biolabs) according to the manufacturer's 
recommendations, deproteinized by extraction with 1 volume of 
phenolxhloroformrisoamyl alcohol (25:24:1) and then 1 volume of chloroform:isoamyl 
alcohol (24:1), precipitated in the presence of 1/10 volume of 3 M sodium acetate pH 
4.8 and 2.5 volumes of absolute ethanol at -80°C for 30 min, centrifuged at 12000 g for 
30 min, washed with 70% ethanol, dried and finally ligated in the presence of 1 jil of 
lOx T4 DNA ligase buffer (Amersham) and 2.5 U of T4 DNA ligase enzyme 
(Amersham) at 14°C for 16 hours. The E. coli DH5<x bacteria previously made 
competent, were transformed (Hanahan, 1983). The plasmid DNA of the clones 
obtained, selected on 50 jag/ml ampicillin, was extracted according to the alkaline lysis 
method (Birnboim and Doly, 1979) and analyzed by enzymatic digestion with 
restriction enzymes. To isolate the expression cassette consisting of the pd35S 
promoter and of the 35 S polyA terminator (Sacl-Xhol fragment), the plasmid DNA of 
the pJIT163D clone selected was digested with Sad and Xhol. The Sacl-Xhol- 
fragment, carrying the expression cassette, was purified by electrophoresis on a 0.8% 
agarose gel, electroeluted (Sambrook et al., 1989) precipitated in the presence of 1/10 
volume of 3 M sodium acetate pH 4.8 and 2.5 volumes of absolute ethanol at -80°C for 
30 min, centrifuged at 12000 g for 30 min, washed with 70% ethanol, dried and then 
subjected to the action of Mung Bean nuclease enzyme (New England Biolabs) 
according to the manufacturer's recommendations. This purified insert (200 ng) was 
cloned into the plasmid DNA of pBIOC4 (20 ng) digested with EcoRI, treated with the 
Mung Bean nuclease enzyme and dephosphorylated with the enzyme calf intestinal 
alkaline phosphatase (Boehringer Mannheim) according to the manufacturer's 
recommendations. The ligation reaction was carried out in 20 jil, in the presence of 2 jil 
of lOx T4 DNA ligase buffer (Amersham), 2 |al of 50% polyethylene glycol 8000 and 5 
U of T4 DNA ligase enzyme (Amersham) at 14°C for 16 hours. The E. coli DH5oc 
bacteria previously made competent were transformed (Hanahan, 1983). The plasmid 
DNA of the clones obtained, selected on 12 jig/ml tetracyclin was extracted according 
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to the alkaline lysis method (Birnboim and Doly, 1979) and analyzed by enzymatic 
digestion with restriction enzymes. The resulting plasmid was called pBIOC21. 

b. CONSTRUCTION OF THE CO-EXPRESSION BINARY PLASMID 
pBIOC43. 

The co-expression binary plasmid will allow expression of two genes in 
the same binary vector. 

The co-expression binary plasmid is derived from pBIOC21 . It contains 
two expression cassettes each consisting of a pd35S promoter and a 35S polyA 
terminator but differ in the polylinker separating the promoter from the terminator. One 
of the expression cassettes is that of pBIOC21 already described in paragraph La. The 
other expression cassette was obtained by replacing the Hindlll-BamHI-Smal-EcoRI 
polylinker of pJIT163D (described in paragraph La.) by a Hindlll-EcoRI adaptor 
carrying the Pad, AscI, Mlul and Hpal restriction sites. This adaptor was obtained by 
renaturation of the 2 oligodeoxynucleotides WD1 1 (5' AGC TGA TTA ATT AAG 
GCG CGC CAC GCG TTA AC 3') and WD12 (5' AAT TGT TAA CGC GTG GCG 
CGC CTT AAT TAA TC 3') which are complementary for their 28 terminal 3' 
nucleotides. One hundred jliM of each of these two oligodeoxynucleotides were 
previously phosphorylated by the action of 10 U of T4 polynucleotide kinase enzyme 
(New England Biolabs) in a total reaction volume of 10 |il containing 1 ^1 of lOx T4 
polynucleotide kinase buffer (New England Biolabs) and 3 ^1 of ATP (95 mM). The 
two reaction mixtures were incubated at 37°C for 1 hour, and then at 65°C for 20 min. 
They were then combined and their volume was adjusted to 500 After extraction 
with 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1) and 1 volume of 
chloroform:isoamyl alcohol (24:1), 50 jxl of 3 M sodium acetate pH 6.0 were added. 
The reaction mixture was incubated at 80°C for 10 min and then cooled slowly to room 
temperature. The DNA was then precipitated in the presence of 2.5 volumes of absolute 
ethanol at -80°C for 30 min, centrifuged at 14000 g at 4°C for 1 hour, washed with 70% 
ethanol, centrifuged at 14000 g at 4°C for 10 min, dried, taken up in 10 \il of H20. The 
Hindm-EcoRI DNA fragment was then cloned at the Hindlll-EcoRI sites of the 
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plasmid DNA pJIT163D previously dephosphorylated with the enzyme calf intestinal 
alkaline phosphatase (New England Biolabs) according to the manufacturer's 
recommendations. The ligation reaction was carried out in a reaction volume of 20 (il 
in the presence of 1 U of T4 DNA ligase (Gibco-BRL) for a total DNA concentration of 
8.5 nM with a vector/insert molar ratio of 1 and of 4 |Ltl of 5x T4 DNA ligase buffer 
(Gibco-BRL) at 25°C for 16 hours. The E. coli DH5ot bacteria previously made 
competent were transformed (Hanahan, 1985). The plasmid DNA of the clones 
obtained, selected on 100 ng/ml ampicillin, was extracted according to the alkaline lysis 
method (Stephen et al., 1990) and analyzed by enzymatic digestion. The resulting clone 
was called pBIOC42. Its validity was verified by sequencing with the aid of the 
"Sequenase Version 2.0 DNA Sequencing" kit marketed by United States Biochemical 
(USB) according to the dideoxynucleotides method (Sanger et al., 1977). The reaction 
conditions follow the manufacturer's recommendations except for the denaturation and 
hybridization. The reaction medium containing the plasmid DNA (0.5 to 1 pmol), the 
oligonucleotide primer (2 pmol), 10% DMSO and the lx reaction buffer (USB), is 
incubated at 100°C for 10 min, then suddenly cooled to -80°C in dry ice. 

From pBIOC42, the DNA fragment encoding the expression cassette 
consisting of the pd35S promoter and of the 35S polyA terminator was isolated by 
double digestion with Sad and Xhol. It was purified by electrophoresis on a 0.75% 
agarose gel, and then subjected to the action of the "Geneclean II" kit marketed by 
BIO101 according to the manufacturers recommendation. Next, this DNA fragment 
was inserted at the Sad and Xhol sites of the plasmid pBCSK+ marketed by Stratagene 
and previously dephosphorylated with the enzyme calf intestinal alkaline phosphatase 
(New England Biolabs) according to the manufacturer's recommendations. The ligation 
was carried out in a reaction volume of 20 jil in the presence of 1 U of T4 DNA ligase 
(Gibco-BRL) for a total DNA concentration of 8.5 nM with a vector/insert molar ratio 
of 1 and of 4 |al of 5x T4 DNA ligase buffer (Gibco-BRL) at 25°C for 16 hours. The E. 
coli DH5a bacteria previously made competent were transformed (Hanahan, 1985). 
The plasmid DNA of the clones obtained, selected on 30 |^g/ml of chloramphenicol, 
was extracted according to the alkaline lysis method (Stephen et al., 1990) and analyzed 
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by enzymatic digestion with restriction enzymes. The resulting plasmid was called 
pBIOC75. 

From pBIOC75, the DNA fragment carrying the expression cassette 
consisting of the pd35S promoter and the 35S polyA terminator was isolated by 
digestion with KpnI. It was purified by electrophoresis on a 0.75% agarose gel, and 
then subjected to the action of the "Geneclean II 11 kit marketed by BIO101 according to 
the manufacturer's recommendations. Next, this DNA fragment was ligated to the 
plasmid DNA of pBIOC21 digested with KpnI and dephosphorylated with the enzyme 
calf intestinal alkaline phosphatase (New England Biolabs) according to the 
manufacturer's recommendations. The ligation was carried out in a reaction volume of 
20 |il in the presence of 1 U of T4 DNA ligase (Gibco-BRL) for a total DNA 
concentration of 8.5 nM with a vector/insert molar ratio of 1 and of 4 \il of 5x T4 DNA 
ligase buffer (Gibco-BRL) at 25°C for 16 hours. The E. coli DH5oc bacteria previously 
made competent were transformed (Hanahan, 1985). The plasmid DNA of the clones 
obtained, selected on 12 )ig/ml of tetracycline, was extracted according to the alkaline 
lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion with restriction 
enzymes. The resulting plasmid was called pBIOC43. 

II. CONSTRUCTION OF THE CHIMERIC GENES ENCODING THE a 
AND p GLOBIN CHAINS ALLOWING EXPRESSION OF RECOMBINANT 
HUMAN HEMOGLOBIN IN THE CYTOPLASM OF TOBACCO LEAVES, 

The plasmid alphalpJWIOl contains the cDNA for the a globin chain, 
cloned into the plasmid pMB9 as described by Wilson et al. (1978). 

The M13mpl0 phage cIIIX beta contains the cDNA for the P globin 
chain, cloned into the Ml 3 mp 10 phage as described by Nagai et al. (1985). In this 
construction, the cDNA encoding p globin was inserted in 3 f of the coding sequence for 
the ell protein of the lambda phage, followed by that encoding the FX tetrapeptide, 
forming a fusion gene in which the initiator ATG codon of P globin has been deleted. 
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a. CONSTRUCTION OF THE PLASMID pBIOC44 CONTAINING THE cDNA 
ENCODING a GLOBIN FOR CYTOPLASMIC TARGETING. 

To obtain cytoplasmic targeting of the a globin chain, the initiator 
methionine codon of the a globin chain was maintained. 

The cDNA encoding the cytoplasmic targeting a globin chain was 
obtained in three stages. The first two stages made it possible to suppress the internal 
Hindlll site (substitution of a T for a C) at position 276 of the coding sequence whereas 
the third stage combines the 2 cDNA fragments encoding the recombinant a globin 
chain. 

The first stage consisted in the amplification of the first 95 codons of the 
mature a globin chain on the plasmid alphalpJWIOl with the aid of the 2 
oligodeoxynucleotides, WD 13 (5* tacaagcttaaca ATG GTG CTG TCT CCg GCC GAC 
3") and AD27 (5' CGG GTC CAC CCG GAG CTT GTG 3'). The WD13 primer 
provides the Hindlll restriction site, the sequence aaca favoring the initiation of 
translation (Joshi, 1987) and preceding the initiator ATG codon followed by the first 6 
codons of the mature a globin chain of which the fourth (CCT) is substituted for CCg 
(silent mutation) in order to create the EagI restriction site. The AD27 primer allows 
the suppression of the Hindlll restriction site by substitution of nucleotide T for C 
(position 276 of the coding sequence). The PCR amplification was carried out in 100 |il 
of reaction medium containing 10 jil of lOx Taq DNA polymerase buffer (100 mM 
Tris-HCl pH 8.4, 500 mM KC1 and 20 mM MgCl 2 ), 16 \i\ of the dNTP mixture (1.25 
mM dATP, 1.25 mM dCTP, 1.25 mM dGTP and 1.25 mM dTTP), 10 jil of each of the 
primers described above at 10 jal, 10 |il of template DNA (alphalpJWIOl) at 1 ng/|il 
and 0.5 j^l of Taq DNA polymerase at 5 U/(al (Perkin Elmer). Thirty cycles each 
comprising 30 sec of denaturation at 97°C, 1 min hybridization at 55°C and 2 min 
extension at 72°C were carried out in the Appligene "Crocodile II" apparatus. The 
amplified DNA fragments were then purified by electrophoresis on a 1 .8% agarose gel 
and by the action of the "Geneclean II" kit marketed by BIO101 according to the 
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manufacturer's recommendations. The purified amplified DNA fragments are taken up 
in 20 nl. 

The second stage consisted in the amplification of the last 54 codons of 
the mature a globin chain on the plasmid alpha lpJWl 01 with the aid of the 2 
oligodeoxynucleotides, AD26 (5' CAC AAG CTC CGG GTG GAC CCG 3') and WD14 
(5' gcgaattc TCA ACG GTA TTT GGA GGT CAG CAC 3'). The WD14 primer 
provides the EcoRI restriction site situated just after the stop codon. The AD26 primer 
allows the suppression of the Hindlll restriction site by substitution of nucleotide T for 
C (position 276 of the coding sequence). The PCR amplification was carried out as 
described in the first stage. The treatment of the amplified DNA fragments was carried 
out as described in the first stage. 

The third stage was the PCR amplification of the complete cDNA 
encoding the a globin chain (142 codons including the initiator ATG). The two types 
of DNA fragments amplified in the first and second stages served as template DNA and 
the two primers used were WD 13 and WD 14. The PCR amplification was carried out 
as described in the first stage except that the hybridization temperature of the cycle is 
60°C. The amplified DNA fragments were then extracted with H 2 0-saturated ether 
after having adjusted the volume to 500 |il with TE buffer (10 mM Tris-HCl pH 8.0, 1 
mM EDTA). After extraction with 1 volume of phenol:chloroform:isoamyl alcohol 
(25:24:1) and 1 volume of chloroform:isoamyl alcohol (24:1), the DNA fragments were 
precipitated in the presence of 1/10 volume of 3 M sodium acetate pH 6.0 and 2 
volumes of absolute ethanol at -80°C for 30 min, centrifuged at 14000 g at 4°C for 30 
min, washed with 70% ethanol, centrifuged at 14000 g at 4°C for 10 min, dried, taken 
up in 50 jal of H 2 0. Next, 25 jal of these DNA fragments were doubly digested with 
Hindlll and EcoRI, purified by electrophoresis on 1 .8% agarose gel and by the action of 
the "Geneclean II" kit (BIO101) and cloned at the Hindlll and EcoRI sites of the 
plasmid pNEB193 marketed by New England Biolabs, and previously 
dephosphorylated with the enzyme calf intestinal alkaline phosphatase (New England 
Biolabs) according to the manufacturer's recommendations. The ligation and the 
transformation were carried out as described in section Lb. The plasmid DNA of the 
clones obtained, selected on 100 fig/ml ampicillin, was extracted according to the 
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alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC44. The nucleotide sequence of the cDNA encoding 
the recombinant a globin chain was verified by sequencing with the aid of the 
"Sequenase Version 2.0 DNA Sequencing" kit marketed by United States Biochemical 
(USB) as described in section Lb. The sequencing revealed two silent mutations 
situated at the forty-eighth nucleotide (C modified to T) and at the fifty-fourth (T 
modified to C) of the coding sequence for the a globin chain. 

b. CONSTRUCTION OF THE PLASMID pBIOC45 CONTAINING THE cDNA 
ENCODING 3 GLOBIN FOR CYTOPLASMIC TARGETING. 

To obtain cytoplasmic targeting of the p globin chain, the methionine 
codon was fused with the first codon of the mature p globin chain by maintaining the 
open reading frame since ATG had been deleted from the construct M13mpl0 cIIFX 
beta. 

The cDNA encoding the cytoplasmic targeting p globin chain was 
obtained by PCR amplification of the 146 codons constituting the mature p globin chain 
on the phage MBmplO cIIFX beta with the aid of the 2 oligodeoxynucleotides WD 15 
(5' gtcattaattaaca ATG GTG CAC CTG ACT CCT GAG GAG AAG TCg GCC GTT 
AC 3') and WD16 (5' aatgagctcgttaacgcgt TTA GTG ATA CTT GTG GGC CAG GGC 
3'). The WD15 primer provides the Pad restriction site, the aaca sequence favoring the 
initiation of translation (Joshi, 1987) and the initiator ATG codon followed by the first 
12 codons of the mature p globin chain of which the ninth (TCT) is substituted for TCg 
(silent mutation) in order to create the EagI restriction site. The WD 16 primer provides 
the Mlul, Hpal and Sad restriction sites placed after the stop codon. The PCR 
amplification and the treatment of the amplified DNA fragments were carried out as 
described in the third stage of section ILa. Next, 25 jxl of these DNA fragments were 
doubly digested with Pad and Sad, purified by electrophoresis on a 1.8% agarose gel 
and by the action of the "Geneclean II" kit (BIO101) and cloned at the Pad and Sad 
sites of the plasmid pNEB193 marketed by New England Biolabs, previously 
dephosphorylated by the enzyme calf intestinal alkaline phosphatase (New England 
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Biolabs) according to the manufacturer's recommendations. The ligation and the 
transformation were carried out as described in section Lb. The plasmid DNA of the 
clones obtained, selected on 100 |ig/ml ampicillin, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC45. The nucleotide sequence of the cDNA encoding 
the recombinant P globin chain was verified by sequencing as described in section Lb. 

c. CONSTRUCTION OF THE EXPRESSION BINARY PLASMIDS pBIOC46 
and pBIOC47, AND OF THE CO-EXPRESSION BINARY PLASMID pBIOC49 FOR 
CYTOPLASMIC TARGETING. 

c. 1 . CONSTRUCTION OF THE BINARY PLASMID pBIOC46 
CONTAINING cDNA ENCODING a GLOBIN FOR CYTOPLASMIC TARGETING. 

Starting with pBIOC44, the Hindlll-EcoRI fragment carrying the cDNA 
encoding the cytoplasmic targeting a globin chain was isolated by double enzymatic 
digestion with Hindlll and EcoRI, purified by electrophoresis on a 1.8% agarose gel 
and by the action of the "Geneclean II" kit (BIO101). Next, this DNA fragment was 
ligated with the plasmid DNA of pBIOC21 doubly digested with Hindlll and EcoRI, 
and dephosphorylated with the enzyme calf intestinal alkaline phosphatase (New 
England Biolabs) according to the manufacturer's recommendations. The ligation and 
the transformation were carried out as described in section Lb. The plasmid DNA of 
the clones obtained, selected on 10 jag/ml tetracycline, was extracted according to the 
alkaline lysis method (Stephen et al, 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC46. The nucleotide sequence of the cDNA encoding 
the recombinant a globin chain was verified by sequencing as described in section Lb. 
The plasmid DNA of the binary vector pBIOC46 was introduced by direct 
transformation into the Agrobacterium tumefaciens LBA4404 strain according to the 
method of Holsters et al. (1978). The validity of the clone selected was verified by 
enzymatic digestion of the plasmid DNA introduced. 
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c.2. CONSTRUCTION OF THE BINARY PLASMID pBIOC47 
CONTAINING THE cDNA ENCODING p GLOBIN FOR CYTOPLASMIC 
TARGETING. 

Starting with pBIOC45, the Hindm-EcoRI fragment carrying the cDNA 
encoding the cytoplasmic targeting p globin chain was isolated by double enzymatic 
digestion with Hindin (total digestion) and EcoRI (partial digestion), purified by 
electrophoresis on a 1 .8% agarose gel and by the action of the "Geneclean IT kit 
(BIO101). Next, this DNA fragment was ligated with the plasmid DNA of pBIOC21 
doubly digested with Hindlll and EcoRI and dephosphorylated with the enzyme calf 
intestinal alkaline phosphatase (New England Biolabs) according to the manufacturer's 
recommendations. The ligation and the transformation were carried out as described in 
section Lb. 

The plasmid DNA of the clones obtained, selected on 10 jig/ml 
tetracycline, was extracted according to the alkaline lysis method (Stephen et al., 1990) 
and analyzed by enzymatic digestion. The resulting clone was called pBIC047. The 
nucleotide sequence of the cDNA encoding the recombinant p globin chain was verified 
by sequencing as described in section Lb. The plasmid DNA of the binary vector 
pBIOC47 was introduced by direct transformation into the Agrobacterium tumefaciens 
LBA4404 strain according to the method of Holsters et al. (1978). The validity of the 
clone selected was verified by enzymatic digestion of the plasmid DNA introduced. 

c.3. CONSTRUCTION OF THE CO-EXPRESSING BINARY 
PLASMID pBIOC49 CONTAINING THE cDNA ENCODING THE a AND p 
GLOBINS FOR CYTOPLASMIC TARGETING. 

The Hindlll-EcoRI fragment carrying the cDNA encoding the 
cytoplasmic targeting a globin chain was isolated from pBIOC44 described in 
section ILc.L, and ligated with the plasmid DNA of pBIOC43 doubly digested with 
Hindlll and EcoRI, and previously dephosphorylated with the enzyme calf intestinal 
alkaline phosphatase (New England Biolabs) according to the manufacturer's 
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recommendations. The ligation and the transformation were carried out as described in 
section Lb. The plasmid DNA of the clones obtained, selected on 12 |ig/ml tetracycline, 
was extracted according to the alkaline lysis method (Stephen et al, 1990) and analyzed 
by enzymatic digestion. The resulting clone was called pBIOC48. 

The Pacl-Mlul fragment carrying the cDNA encoding the cytoplasmic 
targeting p globin chain was isolated from pBIOC45 described in section II.c.2., and 
ligated with the plasmid DNA of pBIOC48 doubly digested with Pad and Mlul, and 
dephosphorylated by the enzyme calf intestinal alkaline phosphatase (New England 
Biolabs) according to the manufacturer's recommendations. The ligation and the 
transformation were carried out as described in section Lb., except that the E. coli Sure 
tet" strain was used in place of DH5a. The Sure tet" strain is derived from the Sure 
strain (Stratagene) made sensitive to tetracycline by the loss of the F episome. The 
plasmid DNA of the clones obtained, selected on 10 |ag/ml tetracycline, was extracted 
according to the alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic 
digestion. The resulting clone was called pBIOC49. 

The nucleotide sequence of the cDNAs encoding the recombinant a and 
(5 globin chains was verified by sequencing as described in section Lb. The plasmid 
DNA in the binary vector pBIOC49 was introduced by direct transformation into the 
Agrobacterium tumefaciens LBA4404 strain according to the method of Holsters et al. 
(1978). The validity of the clone selected was verified by enzymatic digestion of the 
plasmid DNA introduced. 

III. CONSTRUCTION OF THE CHIMERIC GENES ENCODING THE a 
AND p GLOBIN CHAINS ALLOWING EXPRESSION OF RECOMBINANT 
HUMAN HEMOGLOBIN IN THE MITOCHONDRIA OF TOBACCO LEAVES 

To obtain mitochondrial targeting, the sequence encoding the transit 
peptide of the Nicotiana plumbaginifolia mitochondrial ATPase-Fl p subunit precursor 
(ATG GCT TCT CGG AGG CTT CTC GCC TCT CTC CTC CGT CAA TCG GCT 
CAA CGT GGC GGC GGT CTA ATT TCC CGA TCG TTA GGA AAC TCC ATC 
CCT AAA TCC GCT TCA CGC GCC TCT TCA CGC GCA TCC CCT AAG GGA 



32 



TTC CTC TTA AAC CGC GCC GTA CAG TAC) is fused with the first codon of the 
sequence encoding, on the one hand, the mature a globin chain (deletion of the initiator 
ATG) and, on the other hand, the mature P globin chain (deletion of the initiator ATG) 
while maintaining the open reading frames. 

The sequence encoding the Nicotiana plumbaginifolia mitochondrial 
ATPase Fl P subunit is contained in the plasmid pTZ-catp2-l provided by Boutry. This 
plasmid corresponds to the plasmid pTZ18R containing the cDNA (cNPIO) as 
described by Boutry and Chua (1985). 

The N-terminal transit peptide, composed of 54 amino acids as defined 
by Chaumont et al. (1994), was used during the carrying out of the constructions. 

a. CONSTRUCTION OF THE PLASMID pBIOC50 CONTAINING THE cDNA 
ENCODING a GLOBIN FOR MITOCHONDRIAL TARGETING. 

To obtain mitochondrial targeting of the a globin chain, the sequence 
encoding the transit peptide of the Nicotiana plumbaginifolia mitochondrial ATPase-Fl 
P subunit precursor was fused with the first codon of the sequence encoding the mature 
a globin chain while maintaining the open reading frame. The cleaving sequence 
between the sequences of the transit peptide and the mature a globin chain is Tyr-Val. 

The sequence encoding the transit peptide of the mitochondrial ATPase- 
Fl p subunit precursor was amplified by PCR on the plasmid pTZ-capt2-l with the aid 
of the 2 oligodeoxynucleotides, WD 17 (5 f cgcaagcttaaca ATG GCT TCT CGG AGG 
CTT CTC 3') and WD 18 (5' tag aat tC GGC cGG AGA CAG CAC GTA CTG TAC 
GGC GCG GTT TAA G 3'). The WD17 primer provides the Hindlll restriction site, 
the aaca sequence promoting the initiation of translation (Joshi, 1987) and the first 7 
codons of the transit peptide (including the initiator ATG). The WD1 8 primer provides 
the EcoRI restriction site, the first 5 codons of the sequence encoding the mature a 
globin chain (an EagI restriction site is created by silent mutation in the fourth codon 
(CCT modified to CCg) and the last 7 codons of the sequence of the transit peptide. 
PCR amplification and the treatment of the amplified DNA fragments were carried out 
as described in the third step of chapter Ha. Next, these DNA fragments were doubly 
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digested with HindlH and EagI, purified by electrophoresis on a 1.8% agarose gel and 
by the action of the "Geneclean II" kit (BIO101) and cloned at the Hindm and EagI 
sites of the plasmid pBIOC44 described in section ELa., previously purified by 
electrophoresis on a 0.75% agarose gel and using the "Geneclean IP kit. The plasmid 
pBIOC44 was dephosphorylated by the enzyme calf intestinal alkaline phosphatase 
(New England Biolabs) according to the manufacturers recommendations. The ligation 
and the transformation were carried out as described in section Lb. The plasmid DNA 
of the clones obtained, selected on 100 |ig/ml ampicillin, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOCSO. The nucleotide sequence of this chimeric gene 
resulting from the translational fusion between the sequence encoding the transit 
peptide and the cDNA encoding the mature a globin chain was verified by sequencing 
as described in section Lb. The sequencing revealed two silent mutations situated at the 
tenth nucleotide (C modified to A) and at the one hundred forty first (C modified to G) 
of the coding sequence for the transit peptide. 

b. CONSTRUCTION OF THE PLASMID pBIOCS 1 CONTAINING THE cDNA 
ENCODING 3 GLOBIN FOR MITOCHONDRIAL TARGETING. 

To obtain mitochondrial targeting of the p globin chain, the sequence 
encoding the transit peptide of the Nicotiana plumbaginifolia mitochondrial ATPase-Fl 
P subunit precursor was fused with the first codon of the sequence encoding the mature 
P globin chain while maintaining the open reading frame. The cleaving sequence 
between the sequences of the transit peptide and the mature p globin chain is Tyr-Val. 

The sequence encoding the transit peptide of the mitochondrial ATPase- 
Fl P subunit precursor was amplified by PCR on the plasmid pTZ-catp2-l with the aid 
of the 2 oligodeoxynucleotides, WD 19 (5' gtcattaattaaca ATG GCT TCT CGG AGG 
CTT CTC GCC TCT C 3') and WD20 (5' aatgagct C GGC cGA CTT CTC CTC AGG 
AGT CAG GTG CAC GTA CTG TAC GGC GCG GTT TAA G 3'). The WD 19 
primer provides the Pad restriction site, the aaca sequence promoting the initiation of 
translation (Joshi, 1987) and preceding the first 9 codons of the transit peptide 
(including the initiator ATG). The WD20 primer provides the SacI restriction site, the 
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first 10 codons of the sequence encoding the mature p globin chain (an EagI restriction 
site is created by silent mutation in the nineth codon (TCT modified to TCg)) and the 
last 7 codons of the sequence of the transit peptide. The PCR amplification and the 
treatment of the amplified DNA fragments were carried out as described in the third 
stage of section ILa. Next, these DNA fragments were doubly digested with Pad and 
EagI, purified by electrophoresis on a 1 .8% agarose gel and by the action of the 
"Geneclean II" kit (BIO101) and cloned at the Pad and EagI sites of the plasmid 
pBIOC45 described in section ILb., previously purified by electrophoresis on a 0.75% 
agarose gel and using the "Geneclean IT kit. The plasmid pBIOC45 was 
dephosphorylated by the enzyme calf intestinal alkaline phosphatase (New England 
Biolabs) according to the manufacturer's recommendations. The ligation and the 
transformation were carried out as described in section Lb. The plasmid DNA of the 
clones obtained, selected on 100 |ug/ml ampicillin, was extracted according to the 
alkaline lysis method (Stephen et al, 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC51. The nucleotide sequence of this chimeric gene 
resulting from the translational fusion between the sequence encoding the transit 
peptide and the cDNA encoding the mature p globin chain was verified by sequencing 
as described in section Lb. 

c. CONSTRUCTION OF THE CO-EXPRESSION BINARY PLASMID pBIOC53 
CONTAINING THE cDNAs ENCODING THE a AND (3 GLOBINS, FOR 
MITOCHONDRIAL TARGETING. 

The Hindlll-EcoRI fragment carrying the cDNA encoding the 
mitochondrial targeting a globin chain was isolated from pBIOC50 described in 
section III. a., and ligated to the plasmid DNA of pBIOC43 doubly digested with Hindlll 
and EcoRI, and dephosphorylated by the enzyme calf intestinal alkaline phosphatase 
(New England Biolabs) according to the manufacturer's recommendations. The ligation 
and the transformation were carried out as described in section Lb. The plasmid DNA 
of the cones obtained, selected on 10 |ig/ml tetracycline, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC52. 
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The Pacl-Mlul fragment carrying the cDNA encoding the mitochondrial 
targeting P globin chain was isolated from pBIOCSl described in section IILb., and 
ligated to the plasmid DNA of pBIOC52 doubly digested with Pad and Mlul, and 
dephosphorylated by the enzyme calf intestinal alkaline phosphatase (New England 
Biolabs). The ligation and the transformation were carried out as described in 
section II.c.3 using the E. coli Sure tet* strain. The plasmid DNA of the clones 
obtained, selected on 10 |ig/ml tetracycline, was extracted according to the alkaline lysis 
method (Stephen et al., 1990) and analyzed by enzymatic digestion. The resulting clone 
was called pBIOC53. 

The nucleotide sequence of the cDNAs encoding the recombinant a and 
P globin chains allowing a mitochondrial targeting was verified by sequencing as 
described in section Lb. The plasmid DNA of the binary vector pBIOC53 was 
introduced by direct transformation into the Agrobacterium tumefaciens LBA4404 
strain according to the method of Holsters et al. (1978). The validity of the clone 
obtained was verified by enzymatic digestion of the plasmid DNA introduced. 

IV. CONSTRUCTION OF THE CHIMERIC GENES ENCODING THE a 
AND (3 GLOBIN CHAINS ALLOWING EXPRESSION OF RECOMBINANT 
HUMAN HEMOGLOBIN IN THE CHLOROPLASTS OF TOBACCO LEAVES. 

To obtain chloroplastic targeting, the sequence encoding the transit 
peptide of the precursor of the small subunit of ribulose 1,5-diphosphate carboxylase of 
Pisum sativum L. (ATG GCT TCT ATG ATA TCC TCT TCA GCT GTG ACT ACA 
GTC AGC CGT GCT TCT ACG GTG CAA TCG GCC GCG GTG GCT CCA TTC 
GGC GGC CTC AAA TCC ATG ACT GGA TTC CCA GTT AAG AAG GTC AAC 
ACT GAC ATT ACT TCC ATT ACA AGC AAT GGT GGA AGA GTA AAG TGC) 
is fused with the first codon of the sequence encoding, on the one hand, the mature a 
globin chain (deletion of the initiator ATG) and, on the other hand, the mature P globin 
chain (deletion of the initiator ATG) while maintaining the open reading frames. 
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This N-terminal transit peptide, composed of 57 amino acids, as defined 
by Anderson et al. (1986), was insolated from the plasmid pJITl 17 (Guerineau et al., 
1988) and used during the carrying out of the constructions. 

a. CONSTRUCTION OF THE PLASMID pBIOC55 CONTAINING THE cDNA 
ENCODING a GLOBIN FOR CHLOROPLAST TARGETING. 

To obtain chloroplast targeting of the a globin chain, the sequence 
encoding the transit peptide of the precursor of the small subunit of the ribulose 1,5- 
diphosphate carboxylase of Pisum sativum L. was fused with the first codon of the 
sequence encoding the mature a globin chain while maintaining the open reading 
frame. The cleaving sequence between the sequences of the transit peptide and of the 
mature a globin chain is Cys-Val. 

The sequence of the transit peptide of the precursor of the small subunit 
of ribulose 1,5 -diphosphate carboxylase was amplified by PCR on the plasmid pJITl 17 
with the aid of the 2 oligodeoxynucleotides, WD21 (5 ? cgcaagcttaaca ATG GCT TCT 
ATG ATA TCC TCT TCA GC 3') and WD22 (5' tag aat tC GGC cGG AGA CAG CAC 
GCA CTT TAC TCT TCC ACC ATT GC 3'). The WD21 primer provides the Hindlll 
restriction site, the aaca sequence promoting the initiation of translation (Joshi, 1987) 
and the first 8 codons of the transit peptide (including the initiator ATG). The WD22 
primer provides the EcoRI restriction site, the first 5 codons of the sequence encoding 
the mature a globin chain (an EagI restriction site is created by silent mutation in the 
fourth codon (CCT modified to CCg)) and the last 7 codons of the sequence of the 
transit peptide. The PCR amplification and the treatment of the amplified DNA 
fragments were carried out as described in the third stage of section ILa. 

Next, these DNA fragments were doubly digested with Hindlll and 
EcoRI and cloned at the Hindlll and EcoRI sites of the plasmid pNEB193 marketed by 
New England Biolabs. The plasmid pNEB193 was dephosphorylated as described in 
ILa. The ligation and the transformation were carried out as described in section Lb. 
The plasmid DNA of the clones obtained, selected on 100 |ig/ml ampicillin, was 
extracted according to the alkaline lysis method (Stephen et al., 1990) and analyzed by 
enzymatic digestion. The resulting clone was called pBIOC54. The nucleotide 
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sequence of this chimeric gene resulting from the translational fusion between the 
sequence encoding the transit peptide and the cDNA encoding the mature a globin 
chain was verified by sequencing as described in section Lb. 

From the plasmid pBIOC54, the Hindlll-EagI fragment, carrying the 
sequence encoding the transit peptide of the precursor of the small subunit of ribulose 
1,5-diphosphate carboxylase and the first 4 codons of the mature a globin chain was 
isolated by double digestion, Hindlll (total digestion) and EagI (partial digestion). This 
Hindlll-EagI fragment, purified by electrophoresis on a 1.8% agarose gel and by the 
action of the "Geneclean IF' kit (BIO101) was cloned at the Hindlll and EagI sites of 
the dephosphorylated plasmid pBIOC44 as described in section Il.a. The ligation and 
the transformation were carried out as described in section Lb. The plasmid DNA of 
the clones obtained, selected on 100 jig/ml ampicillin, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC55. The nucleotide sequence of this chimeric gene 
resulting from the translational fusion between the sequence encoding the transit 
peptide and the cDNA encoding the mature a globin chain was verified by sequencing 
as described in section Lb. 

b. CONSTRUCTION OF THE PLASMID pBIOC57 CONTAINING THE cDNA 
ENCODING |3 GLOBIN FOR CHLOROPLAST TARGETING. 

To obtain chloroplast targeting of the P globin chain, the sequence 
encoding the transit peptide of the Pisum sativum L. ribulose 1,5-diphosphate 
carboxylase small subunit precursor was fused with the first codon of the sequence 
encoding the mature p globin chain while maintaining the open reading frame. The 
cleaving sequence between the sequences of the transit peptide and the mature P globin 
chain is Cys - Val. 

The sequence encoding the transit peptide of the ribulose 1,5-diphosphate 
carboxylase small subunit precursor was amplified by PCR on the plasmid pJITl 17 
with the aid of the 2 oligodeoxynucleotides, WD 23 (5* gtcattaattaaca ATG GCT TCT 
ATG ATA TCC TCT TCA GCT GTG 3') and WD24 (5' aatgagct C GGC cGA CTT 
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CTC CTC AGG AGT CAG GTG CAC GCA CTT TAC TCT TCC ACC 3*). The 
WD23 primer provides the Pad restriction site, the aaca sequence promoting the 
initiation of translation (Joshi, 1987) and preceding the first 10 codons of the transit 
peptide (including the initiator ATG). The WD24 primer provides the Sad restriction 
site, the first 10 codons of the sequence encoding the mature P globin chain (an EagI 
restriction site is created by silent mutation in the ninth codon (TCT modified to TCg)) 
and the last 6 codons of the sequence of the transit peptide. The PCR amplification and 
the treatment of the amplified DNA fragments were carried out as described in the third 
stage of section Il.a. Next, these DNA fragments were doubly digested with Pad and 
Sad, purified by electrophoresis on a 1.8% agarose gel and by the action of the 
"Geneclean IF 1 kit (BIO101) and cloned at the Pad and Sad sites of the plasmid 
pNEB193 marketed by New England Biolabs. The plasmid pNEB193 was 
dephosphorylated as described in Il.a. The ligation and the transformation were carried 
out as described in section Lb. The plasmid DNA of the clones obtained, selected on 
100 jxg/ml ampicillin, was extracted according to the alkaline lysis method (Stephen et 
al., 1990) and analyzed by enzymatic digestion. The resulting clone was called 
pBIOC56. The nucleotide sequence of this chimeric gene resulting from the 
translational fusion between the sequence encoding the transit peptide and the cDNA 
encoding the mature (5 globin chain was verified by sequencing as described in 
section Lb. 

From the plasmid pBIOC56, the PacI-EagI fragment, carrying the 
sequence of the transit peptide of the ribulose 1,5 -diphosphate carboxylase small 
subunit precursor and the first 9 codons of the sequence encoding the mature p globin 
chain, was isolated by double digestion, Pad (total digestion) and EagI (partial 
digestion). This PacI-EagI fragment, purified by electrophoresis on a 1.8% agarose gel 
and by the action of the "Geneclean II" kit (BIO101), was cloned at the Pad and EagI 
sites of the dephosphorylated plasmid pBIOC45 as described in section Il.a. The 
ligation and the transformation were carried out as described in section Lb. The 
plasmid DNA of the clones obtained, selected on 100 ng/ml ampicillin, was extracted 
according to the alkaline lysis method (Stephen et al., 1990), and analyzed by enzymatic 
digestion. The resulting clone was called pBIOC57. The nucleotide sequence of this 
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chimeric gene resulting from the translational fusion between the sequence encoding the 
transit peptide and the cDNA encoding the mature P globin chain was verified by 
sequencing as described in section Lb. 

c. CONSTRUCTION OF THE CO-EXPRESSION BINARY PLASMID pBIOC59 
CONTAINING THE cDNAs ENCODING THE a AND P GLOBINS, FOR 
CHLOROPLAST TARGETING. 

The Hindlll-EcoRI fragment carrying the cDNA encoding the chloroplast 
targeting a globin chain was isolated from pBIOC55 described in section IV.a., and 
ligated to the plasmid DNA of pBIOC43 doubly digested with Hindlll and EcoRI and 
dephosphorylated as described in Il.a. The ligation and the transformation were carried 
out as described in section Lb. The plasmid DNA of the clones obtained, selected on 10 
(ig/ml tetracycline, was extracted according to the alkaline lysis method (Stephen et al., 
1990) and analyzed by enzymatic digestion. The resulting clone was called pBIOC58. 

The Pacl-Mlul fragment carrying the cDNA encoding the chloroplast 
targeting p globin chain was isolated from pBIOC57 described in section IV.b., and 
ligated to the plasmid DNA of pBIOC58 doubly digested with Pad and Mlul, and 
dephosphorylated as described in ILa. The ligation and the transformation were carried 
out as described in section II.c.3 suing the E. coli Sure tet" strain. The plasmid DNA of 
the clones obtained, selected on 10 |ag/ml tetracycline, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC59. 

The nucleotide sequence of the cDNAs encoding the recombinant a and 
p globin chains allowing chloroplast targeting was verified by sequencing as described 
in section Lb. The plasmid DNA of the binary vector pBIOC59 was introduced by 
direct transformation into the Agrobacterium tumefaciens LBA4404 strain according to 
the method of Holsters et al. (1978). The validity of the clone selected was verified by 
enzymatic digestion of the plasmid DNA introduced. 
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V. CONSTRUCTION OF THE CHIMERIC GENES ENCODING THE a 
AND 0 GLOBIN CHAINS ALLOWING EXPRESSION OF THE 
RECOMBINANT HUMAN HEMOGLOBIN FOR SECRETION IN TOBACCO 
LEAVES. 

To obtain secretion, the sequence encoding the signal peptide (SP) of 
sporamine A of the tuberized roots of sweet potato (Murakami et ah, 1986; Matsuoka 
and Nakamura, 1991) (ATG AAA GCC TTC ACA CTC GCT CTC TTC TTA GCT 
CTT TCC CTC TAT CTC CTG CCC AAT CCA GCC CAT TCC), is fused with the 
first codon of the sequence encoding, on the one hand, the mature a globin chain 
(deletion of the initiator ATG) and, on the other hand, the mature p globin chain 
(deletion of the initiator ATG) while maintaining the open reading frames. This signal 
peptide of 23 amino acids was isolated from the plasmid pMAT103 (Matuoka and 
Nakamura, 1991) and used during the carrying out of the constructions. 

a. CONSTRUCTION OF THE PLASMID pBIOC60 CONTAINING THE cDNA 
ENCODING a GLOBIN FOR SECRETION . 

To obtain the secretion of the a globin chain, the sequence encoding the 
signal peptide of sweet potato sporamine A was fused with the first codon of the mature 
a globin chain while maintaining the open reading frame. The cleaving sequence 
between the sequences of the signal peptide and the mature a globin chain is Ser-Val. 

The sequence encoding the signal peptide (SP) of the sporamine A of the 
tuberized roots of sweet potato was amplified by PCR on the plasmid pMAT103 with 
the aid of 2 oligodeoxynucleotides, WD 25 (5' cgcaagcttaaca ATG AAA GCC TTC 
ACA CTC GC 3') and WD36 (5' tagaattC GGC cGG AGA CAG CAC GGA ATG GGC 
TGG ATT GGG CAG G 3'). The WD25 primer provides the Hindlll restriction site, 
the aaca sequence promoting the initiation of translation (Joshi, 1987) and the first 6 
codons of the signal peptide (including the initiator ATG). The WD26 primer provides 
the Ecori restriction site, the first 5 codons of the sequence encoding the mature a 
globin chain (an EagI restriction site is created by silent mutation in the fourth codon 
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(CCT modified to CCg)) and the last 7 codons of the sequence of the signal peptide. 
The PCR amplification and the treatment of the amplified DNA fragments were carried 
out as descried in the third stage of section ILa. Next, these DNA fragments were 
doubly digested with Hindin and EagI, purified by electrophoresis on a 1.8% agarose 
gel and by the action of the "Geneclean II" kit (BIO101) and cloned at the HindHI and 
EagI sites of the dephosphorylated plasmid pBIOC44 described in section ILa. The 
ligation and the transformation were carried out as described in section Lb. The 
plasmid DNA of the clones obtained, selected on 100 jig/ml ampicillin, was extracted 
according to the alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic 
digestion. The resulting clone was called pBIOC60. The nucleotide sequence of this 
chimeric gene resulting from the translational fusion between the sequence encoding the 
signal peptide and the cDNA encoding the mature a globin chain was verified by 
sequencing as described in section Lb. 

b. CONSTRUCTION OF THE PLASMID pBIOC61 CONTAINING THE cDNA 
ENCODING THE 3 GLOBIN FOR SECRETION . 

To obtain the secretion of the p globin chain, the sequence encoding the 
signal peptide of the sweet potato sporamine A was fused with the first codon of the 
mature P globin chain while maintaining the open reading frame. The cleaving 
sequence between the sequences of the signal peptide and the mature P globin chain is 
Ser-Val. 

The sequence encoding the signal peptide (SP) of the sporamine A of the 
tuberized roots of sweet potato was amplified by PCR on the plasmid pMAT103 with 
the aid of the 2 oligodeoxynucleotides, WD27 (5' gtcattaattaaca ATG AAA GCC TTC 
ACA CTC GC 3') and WD28 (5' aatgagct C GGC cGA CTT CTC CTC AGG AGT 
CAG GTG CAC GGA ATG GGC TGG ATT GGG CAG G 3'). The WD27 primer 
provides the Pad restriction site, the aaca sequence promoting the initiation of 
translation (Joshi, 1987) and the first 6 codons of the signal peptide (including the 
initiator ATG). The WD28 primer provides the Sad restriction site, the first 10 codons 
of the sequence encoding the mature P globin chain (an EagI site is created by silent 
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mutation in the ninth codon (TCT modified to TCg)) and the last 7 codons of the 
sequence of the signal peptide. The PCR amplification and the treatment of the 
amplified DNA fragments were carried out as described in the third stage of section n.a. 
Next, these DNA fragments were doubly digested with Pad and EagI, purified by 
electrophoresis on a 1 .8% agarose gel and by the action of the "Geneclean IT kit 
(BIO101) and cloned at the Pad and EagI sites of the dephosphorylated plasmid 
pBIOC45 described in section ILb. The ligation and the transformation were carried 
out as described in section Lb. The plasmid DNA of the clones obtained, selected on 
100 |ig/ml ampicillin, was extracted according to the alkaline lysis method (Stephen et 
al, 1990) and analyzed by enzymatic digestion. The resulting clone was called 
pBIOC61. The nucleotide sequence of this chimeric gene resulting from the 
translational fusion between the sequence encoding the signal peptide and the cDNA 
encoding the mature p globin chain was verified by sequencing as described in 
section Lb. 

c. CONSTRUCTION OF THE CO-EXPRESSION BINARY PLASMID pBIOC63 
CONTAINING THE cDNAs ENCODING THE a AND 3 GLOBINS FOR 
SECRETION. 

The Hindlll-EcoRI fragment carrying the cDNA encoding the a globin 
chain for secretion was isolated from pBIOC60 described in section V.a., and ligated to 
the plasmid DNA of pBIOC43 doubly digested with Hindlll and EcoRI, and 
dephosphorylated as described in Il.a. The ligation and the transformation were carried 
out as described in section II.c.3 using the E.coli Sure tet. strain. The plasmid DNA of 
the clones obtained, selected on 10 |ig/ml tetracycline, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC62. 

The Pacl-Mlul fragment carrying the cDNA encoding the p globin chain 
for secretion was isolated from pBIOC61 described in section V.b., and ligated to the 
plasmid DNA of pBIOC62 doubly digested with Pad and Mlul, and dephosphorylated 
as described in Il.a. The ligation and the transformation were carried out as described 
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in section I.b. The plasmid DNA of the clones obtained, selected on 10 jig/ml 
tetracyclic was extracted according to the alkaline lysis method (Stephen et al., 1990) 
and analyzed by enzymatic digestion. The resulting clone was called pBIOC63. 

The nucleotide sequence of the cDNAs encoding the a and P globin 
chains for secretion was verified by sequencing as described in section Lb. The plasmid 
DNA of the binary vector pBIOC63 was introduced by direct transformation into the 
Agrobacterium tumefaciens LBA4404 strain according to the method of Holsters et al. 
(1978). The validity of the clone selected was verified by enzymatic digestion of the 
plasmid DNA introduced. 

VI. CONSTRUCTION OF THE CHIMERIC GENES ENCODING THE a 
AND p GLOBIN CHAINS ALLOWING EXPRESSION OF RECOMBINANT 
HUMAN HEMOGLOBIN IN THE ENDOPLASMIC RETICULUM OF 
TOBACCO LEAVES. 

The sequence encoding the KDEL signal (Lys-Asp-Glu-Leu), placed at 
the C-terminal end of the a and (3 globin chains upstream of the stop codon combined 
with the presence of the sequence encoding the N-terminal signal peptide (SP) of 
sporamine A of the tuberized roots of sweet potato allows targeting in the endoplasmic 
reticulum. 

a. CONSTRUCTION OF THE PLASMID pBIOC65 CONTAINING THE cDNA 
ENCODING THE a GLOBIN ALLOWING RETENTION IN THE ENDOPLASMIC 
RETICULUM. 

To obtain retention in the endoplasmic reticulum, the sequence encoding 
the KDEL signal (5 1 aaa gat gag eta 3') was placed before the first stop codon (TGA) of 
the mature a globin chain while maintaining the open reading frame. 

The plasmid containing the cDNA encoding the a globin chain which 
contains the sequence encoding the KDEL signal placed before its first stop codon was 
obtained by following the same steps as for the manufacture of the plasmid pBIOC44 
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described in ILa. except that the WD29 primer (5* gcgaattc TCA tag etc ate ttt ACG 
GTA TTT GGA GGT CAG CAC 3*) replaces the WD14 primer. The WD29 primer 
provides the EcoRI restriction site and the KDEL sequence situated respectively after 
and before the stop codon. 

The resulting plasmid obtained was called pBIOC64. The nucleotide 
sequence of the chimeric gene between the cDNA encoding the a globin chain and the 
sequence encoding of the a KDEL signal was verified by sequencing as described in 
section Lb. 

Next, the plasmid pBIOC64 was modified as described in V.a. by 
translational fusion with the signal peptide of sporamine A of the tuberized roots of 
sweet potato to give the plasmid pBIOC65 allowing targeting in the endoplasmic 
reticulum. The nucleotide sequence of the chimeric gene between the sequence 
encoding the signal peptide, the cDNA encoding the mature a globin chain and the 
sequence encoding the KDEL signal was verified by sequencing as described in 
section Lb. The cleaving sequence between the sequences of the signal peptide and the 
mature a globin chain is Ser - Val. 

b. CONSTRUCTION OF THE PLASMID pBIOC67 CONTAINING THE cDNA 
ENCODING THE 3 GLOBIN ALLOWING RETENTION IN THE ENDOPLASMIC 
RETICULUM. 

To obtain retention in the endoplasmic reticulum, the sequence encoding 
the KDEL signal (5' aaa gat gag eta 3') was placed before the first stop codon (TAA) of 
the mature p globin chain while maintaining the open reading frame. 

The plasmid containing the cDNA encoding the p globin chain which 
contains the sequence encoding the KDEL signal before its first stop codon was 
obtained by following the same steps as for the manufacture of the plasmid pBIOC45 
described in H.b., except that the WD30 primer (5' aatgagctcgttaacgcgt TTA tag etc ate 
ttt GTG ATA CTT GTG GGC CAG GGC 3') replaces the WD16 primer. The WD30 
primer provides the Mlul, Hpal and Sad restriction sites and the KDEL sequence 
placed respectively after and before the stop codon. 
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The resulting plasmid obtained was called pBIOC66. The nucleotide 
sequence of the chimeric gene between the cDNA encoding the P globin chain and the 
sequence encoding the KDEL signal was verified by sequencing as described in 
section Lb. 

Next, the plasmid pBIOC66 was modified as described in V.b. by 
translational fusion with the signal peptide of the sporamine A of the tuberized roots of 
sweet potato to give the plasmid pBIOC67 allowing targeting in the endoplasmic 
reticulum. The nucleotide sequence of the chimeric gene between the sequence 
encoding the signal peptide, the cDNA encoding the mature |3 globin chain and the 
sequence encoding the KDEL signal was verified by sequencing as described in 
section Lb. The cleaving sequence between the sequences of the signal peptide and the 
mature p globin chain is Ser - Val. 

c. CONSTRUCTION OF THE CO-EXPRESSION BINARY PLASMID pBIOC69 
CONTAINING THE cDNAs ENCODING THE a AND fi GLOBINS ALLOWING 
RETENTION IN THE ENDOPLASMIC RETICULUM. 

The Hindlll-EcoRI fragment carrying the cDNA encoding the a globin 
chain allowing retention in the endoplasmic reticulum was isolated from pBIOC65 
described in section VLa., and ligated to the plasmid DNA of pBIOC43 doubly digested 
with Hindlll and EcoRI, and dephosphorylated as described in Il.a. The ligation and 
the transformation were carried out as described in section Lb. The plasmid DNA of 
the clones obtained, selected on 10 (ag/ml tetracyclin, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC68. 

The Pacl-Mlul fragment carrying the cDNA encoding the p globin chain 
allowing retention in the endoplasmic reticulum was isolated from pBIOC67 described 
in section VLb., and ligated to the plasmid DNA of pBIOC68 doubly digested with Pad 
and Mlul, and dephosphorylated as described in Il.a. The ligation and the 
transformation were carried out as described in section II.c.3 using the E. coli Sure tet" 
strain. The plasmid DNA of the clones obtained, selected on 10 jig/ml tetracyclin, was 
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extracted according to the alkaline lysis method (Stephen et al., 1990) and analyzed by 
enzymatic digestion. The resulting clone was called pBIOC69. 

The nucleotide sequence of the cDNAs encoding the a and p globin 
chains allowing their retention in the endoplasmic reticulum was verified by sequencing 
as described in section Lb. The plasmid DNA of the binary vector pBIOC69 was 
introduced by direct transformation into the Agrobacterium tumefaciens LBA4404 
strain according to the method of Holsters et al. (1978). The validity of the clone 
selected was verified by enzymatic digestion of the plasmid DNA introduced. 

VII. CONSTRUCTION OF THE CHIMERIC GENES ENCODING THE a 
AND p GLOBIN CHAINS ALLOWING EXPRESSION OF THE 
RECOMBINANT HUMAN HEMOGLOBIN IN THE VACUOLES OF 
TOBACCO LEAVES. 

To allow vacuolar targeting, the sequence encoding the prepropeptide 
(PPS) of sporamine A of the tuberized roots of sweet potato (Murakami et al., 1986; 
Matsuoka and Nakamura, 1991), which corresponds to the signal peptide followed by 
the N-terminal sequence for vacuolar targeting (ATG AAA GCC TTC ACA CTC GCT 
CTC TTC TTA GCT CTT TCC CTC TAT CTC CTG CCC AAT CCA GCC CAT TCC 
AGG TTC AAT CCC ATC CGC CTC CCC ACC ACA CAC GAA CCC GCC), is 
fused with the first codon of the sequence encoding, on the one hand, the mature a 
globin chain (deletion of the initiator ATG) and, on the other hand, the mature P globin 
chain (deletion of the initiator ATG) while maintaining the open reading frames. This 
prepropeptide of 37 amino acids was isolated from the plasmid pMAT103 (Matuoka 
and Nakamura, 1991) and used during the carrying out of the constructions. 

To obtain vacuolar targeting of the a globin chain, the sequence encoding 
the prepropeptide of sweet potato sporamine A was fused with the first codon of the 
mature a globin chain while maintaining the open reading frame. The cleaving 
sequence between the sequences of the signal peptide and the mature a globin chain is 
Ala-Val. 
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a. CONSTRUCTION OF THE PLASMID pBIOC70 CONTAINING THE cDNA 
ENCODING THE a GLOBIN ALLOWING VACUOLAR TARGETING. 

The sequence encoding the N-terminal prepropeptide (PPS) of the 
sporamine A of the tuberized roots of sweet potato was amplified by PCR on the 
plasmid pMAT103 with the aid of the 2 oligodeoxynucleotides, WD25 (5' 
cgcaagcttaaca ATG AAA GCC TTC ACA CTC GC 3') described in V.a. and WD31 (5* 
tagaattC GGC cGG AGA CAG CAC GGC GGG TTC GTG TGT GGT TG 3'). The 
WD31 primer provides the EcoRI restriction site, the first 5 codons of the sequence 
encoding the mature a globin chain (an EagI site is created by silent mutation in the 
fourth codon (CCT modified to CCg)) and the last 6 codons of the sequence of the N- 
terminal prepropeptide. The PCR amplification and the treatment of the amplified 
DNA fragments were carried out as described in the third stage of section II. a. Next, 
these DNA fragments were doubly digested with Hindlll and EagI, purified by 
electrophoresis on a 1.8% agarose gel and by the action of the "Geneclean II" kit 
(BIO101) and cloned at the Hindlll and EagI sites of the dephosphorylated plasmid 
pBIOC44 described in II. a The ligation and the transformation were carried out as 
described in section Lb. The plasmid DNA of the clones obtained, selected on 100 
|ag/ml ampicillin, was extracted according to the alkaline lysis method (Stephen et al., 
1990) and analyzed by enzymatic digestion. The resulting clone was called pBIOC70. 
The nucleotide sequence of the chimeric gene between the sequence encoding the 
prepropeptide and the cDNA encoding the mature a globin chain was verified by 
sequencing as described in section Lb. 

b. CONSTRUCTION OF THE PLASMID pBIOC71 CONTAINING THE cDNA 
ENCODING P GLOBIN ALLOWING VACUOLAR TARGETING. 

To obtain vacuolar targeting of the p globin chain, the sequence encoding 
the prepropeptide of sporamine A of sweet potato was fused with the first codon of the 
mature p globin chain while maintaining the open reading frame. The cleaving 
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sequence between the sequences of the signal peptide and the mature p globin chain is 
Ala-Val. 

The sequence encoding the N-terminal prepropeptide (PPS) of sporamine 
A of the tuberized roots of sweet potato was amplified by PCR on the plasmid 
pMAT103 with the aid of the 2 oligodeoxynucleotides, WD27 (5 f gtcattaattaaca ATG 
AAA GCC TTC ACA CTC GC 3') described in V.b. and WD32 (5' aatgagct C GGC 
cGA CTT CTC CTC AGG AGT C AG GTG CAC GGC GGG TTC GTG TGT GGT 
TG 3'). The WD32 primer provides the Sad restriction site, the first 10 codons of the 
sequence encoding the mature p globin chain (an EagI restriction site is created by 
silent mutation in the ninth codon (TCT modified to TCg)) and the last 6 codons of the 
sequence of the N-terminal prepropeptide. The PCR amplification and the treatment of 
the amplified DNA fragments were carried out as described in the third stage of 
section ILa. Next, these DNA fragments were doubly digested with Pad and EagI, 
purified by electrophoresis on a 1.8% agarose gel and by the action of the 
"Geneclean II" kit (BIO101) and cloned at the Pad and EagI sites of the 
dephosphorylated plasmid pBIOC45 described in section Il.b. The ligation and the 
transformation were carried out as described in section Lb. The plasmid DNA of the 
clones obtained, selected on 100 jig/ml ampicillin, was extracted according to the 
alkaline lysis method (Stephen et al, 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC71 . The nucleotide sequence of the chimeric gene 
between the sequence encoding the prepropeptide and the cDNA encoding the mature p 
globin chain was verified by sequencing as described in section Lb. 

c. CONSTRUCTION OF THE CO-EXPRESSION BINARY PLASMID pBIOC73 
CONTAINING THE cDNAs ENCODING THE a AND & GLOBINS ALLOWING 
VACUOLAR TARGETING. 

The Hindlll-EcoRI fragment carrying the cDNA encoding the vacuolar 
targeting a globin chain was isolated from pBIOC70 described in section VII. a., and 
ligated to the plasmid DNA of pBIOC43 doubly digested with Hindlll and EcoRI, and 
dephosphorylated as described in ILa. The ligation and the transformation were carried 
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out as described in section Lb. The plasmid DNA of the clones obtained, selected on 10 
|ig/ml tetracyclic was extracted according to the alkaline lysis method (Stephen et al., 
1990) and analyzed by enzymatic digestion. The resulting clone was called pBIOC72. 

The Pacl-Mlul fragment carrying the cDNA encoding the vacuolar 
targeting p globin chain was isolated from pBIOC71 described in section VILb., and 
ligated to the plasmid DNA of pBIOC72 doubly digested with Pad and Mlul, and 
dephosphorylated as described in II. a. The ligation and the transformation were carried 
out as described in section II.c.3. using the E. coli Sure tet" strain. The plasmid DNA of 
the clones obtained, selected on 10 |ag/ml tetracycline, was extracted according to the 
alkaline lysis method (Stephen et al., 1990) and analyzed by enzymatic digestion. The 
resulting clone was called pBIOC73. 

The nucleotide sequence of the cDNAs encoding the vacuolar targeting a 
and P globin chains was verified by sequencing as described in section Lb. The plasmid 
DNA of the binary vector pBIOC73 was introduced by direct transformation into the 
Agrobacterium tumefaciens LBA4404 strain according to the method of Holsters et al. 
(1978). The validity of the clone selected was verified by enzymatic digestion of the 
plasmid DNA introduced. 

VIII. PRODUCTION OF TRANSGENIC TOBACCO PLANTS 

The tobacco plants used for the transformation experiments (Nicotiana 
tabacum var. PBD6) are cultured in vitro on Murashige and Skoog basic medium (1962) 
supplemented with Gamborg et al. vitamins (1968, Sigma reference M0404), sucrose at 
20 g/1 and agar (Merck) at 8 g/1. The pH of the medium is adjusted to 5.8 with a 
solution of potassium hydroxide before autoclaving at 120°C for 20 min. The tobacco 
plantlets are transplanted by taking internode cuttings every 30 days on this MS20 
propagation medium. 

All the in vitro cultures are carried out in an air-conditioned chamber 
under the conditions defined below: 

Light intensity of 30 ^E.m'lS" 1 ; photoperiod of 1 6 h; 

Thermoperiod of 26°C by day, 24°C by night. 
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The transformation technique used is derived from that of Horsch et al. 

(1985). 

A preculture of Agrobacterium tumefaciens LBA4404 strain containing 
the plasmids pBIOC46 or pBIOC47 or pBIOC49 or pBIOC53 or pBIOC59 is carried 
out for 48 h at 28°C, with stirring, in LB medium supplemented with appropriate 
antibiotics (rifampicin and tetracycline). The preculture is then diluted 50-fold in the 
same medium and cultured under the same conditions. After one night, the culture is 
centrifuged (10 min, 3000 g), the bacteria are taken up in an equivalent volume of liquid 
MS30 medium (30 g/1 sucrose) and this suspension is diluted 10-fold. 

Explants of about 1 cm 2 are cut from the leaves of the plantlets described 
above. They are then brought into contact with the bacterial suspension for 1 h, and 
then dried rapidly on filter paper and placed on a coculture medium (solid MS30). 

After 2 days, the explants are transferred to Petri dishes on MS30 
regeneration medium containing a selective agent, kanamycin (200 mg/1), a 
bacteriostatic, augmentin (400 mg/1) and the hormones necessary for the induction of 
buds (BAP, 1 mg/1 and NAA, 0.1 mg/1). A transplantation of the explants is carried out 
on the same medium after 2 weeks of culture. After a further 2 weeks, the buds are 
transplanted into Petri dishes on the development medium composed of the MS20 
medium supplemented with kanamycin and augmentin. After 15 days, the buds are 
transplanted into pots on the same medium whose kanamycin concentration has been 
decreased by one half. The rooting takes about 20 days, at the end of which the 
plantlets can be cloned using internode cuttings in vitro or taken out to the greenhouse. 

IX: PARTIAL EXTRACTION AND PARTIAL PURIFICATION OF 
RECOMBINANT PROTEINS FROM TOBACCO LEAVES 

Fifty grams of transformed tobacco leaves (fresh weight) are ground in 
liquid nitrogen and then left stirring for 15 min at 4°C in 300 ml of 50 mM tris-HCl 
buffer pH 8 supplemented with 1 mM EDTA, 1 mM P-mercaptoethanol and 
polyvinylpyrrolidone (PVP, 10 g/300 ml). The ground product is filtered on miracloth 
and then centrifuged for 20 min at 4°C at 10000 g. The supernatant is again filtered on 
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miracloth. The proteins are then precipitated for 12 h at 4°C with a solution of 
ammonium sulfate at saturation. After centrifuging for 20 min at 10000 g, the pellet is 
taken up in 50 mM tris-HCl buffer pH 8 supplemented with 1 mM DTT and 1 mM 
EDTA and dialyzed twice 12 hours against this same buffer. After dialysis, the 
retentate is centrifuged and then filtered on miracloth. An assay of proteins is also 
carried out according to the Bradford technique (1976). 

First purification step: Equilibration in 10 mM phosphate buffer pH 6.7- 
1 mM EDTA by passing over a Sephadex G25 resin and then loading onto an ion- 
exchange resin (CM cellulose) equilibrated in 10 mM phosphate buffer ph 6.7, 1 mM 
EDTA. Washing with 4 volumes of this same buffer and then eluting with a linear 
gradient from 10 mM Na 2 HP0 4 pH 6.7, 1 mM EDTA to 100 mM Na 2 HP0 4 pH 6.7, 1 
mM EDTA. 

Second purification step: Equilibration in 10 mM Tris-HCl buffer pH 
8.4-1 mM EDTA by passing over a Sephadex G25 resin and then loading onto an ion- 
exchange resin DEAE-Sephacel equilibrated in 10 mM Tris-HCl buffer pH 8.4, 1 mM 
EDTA. Washing with 4 volumes of this same buffer and then eluting with a 20 mM 
KH 2 P0 2 buffer pH 7.4. The pH and ionic strength conditions can be modified 
according to the nature of the hemoglobin variant. 

Detection of hemoglobin 

Hemoglobin (Hb) is detected by virtue of its chromophore, heme, which 
gives it its characteristic color. At low concentration and in the presence of another 
chromophore or molecule which scatters light, the signal due to Hb may be masked. 
This problem can be overcome using a dynamic technique which makes it possible to 
detect the presence of Hb in a complex system. 

This method is based on differential spectra corresponding to a transition 
between two forms of Hb and on the photodissociation properties of ligands such as O2 
and CO (Gibson, 1956; Mardenet et al., 1994). The probability of dissociation being 
higher for CO, this ligand is therefore preferably used. The preparation of the samples 
is carried out under anaerobic conditions. 
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The experimental equipment is composed of two sources of light: the 
first is a pulsed source (laser) which dissociates the ligands, and the second is a 
continuous lamp which makes it possible to observe the recombination of the ligands by 
virtue of a change in the intensity of light transmitted (Figures 4, 5 and 6). The 
photodissociation is efficient in the entire visible spectral domain; our system consists 
of a YAG laser whose pulses have a duration of 10 ns at 532 mm. The detection is 
more sensitive in the Soret band (416 nm); we chose 436 nm close to the maximum 
absorption of the deoxy form. The changes in transmitted intensity occur first of all in a 
time of the order of the nanosecond (geminate phase) and then continue in a few 
milliseconds (bimolecular phase). We are particularly interested in this second phase 
which reflects the allosteric transitions of Hb (Figures 5 and 6). Rapid and reversible 
kinetic studies make it possible to obtain numerous data and therefore a reliable 
indication of the state of Hb as regards its normal, physiological function. 

The preparation of the samples is carried out as described below. The 
tobacco leaves (20 g) are ground in liquid nitrogen and then the ground product is 
mixed with 60 ml of the extraction solution (25 mM Tris-HCl pH 7.5, 10 mM (3- 
mercaptoethanol, 1 mM EDTA). The homogenate is centrifuged at 10000 g at 4°C for 
15 minutes. The supernatant containing the soluble proteins is collected. The assay of 
the proteins is carried out according to the Bradford technique (1976). To 1 ml of plant 
protein extract (1 mg/ml) are added 32 \il and 3.2 [il of a concentrated human 
hemoglobin solution (3.13 mg/ml) in order to obtain solutions containing 100%, 10% 
and 1% hemoglobin, respectively, relative to the total proteins. 

The results obtained are the following: 

The kinetics of the samples equilibrated under 0.1 atm CO for three Hb 
concentrations: 100%, 10% and 1% of the total proteins present in the extract in an 
amount of 1 mg/ml were measured. The curves are biphasic, similar to those of Hb 
alone, and exhibit a normal speed (of the order of 1000/s) for the rapid phase (Figure 5). 
The kinetics are similar for the two concentrations, with the exception of the increase in 
noise (signal) predictable at low concentration. No signal was observed for the plant 
extract in the absence of Hb, under the same conditions. We can conclude that the 
kinetics of recombination of CO with HbA in an extract of tobacco leaves is normal. 



* 
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X. EXTRACTION AND PARTIAL PURIFICATION OF RECOMBINANT 
HEMOGLOBIN FROM TOBACCO SEEDS 

In this section, the techniques used for the detection by Western blotting, 
the extraction and partial purification and the demonstration of the functionality of the 
recombinant hemoglobin produced in the seeds of transgenic tobacco plants (rHb), are 
described. The latter are obtained by transformation of the coexpression plasmid 
pBIOC 59 containing the cDNAs encoding the a and p globins allowing targeting in the 
chloroplast. 

a. WESTERN-BLOT DETECTION OF THE RECOMBINANT HEMOGLOBIN 
ACCUMULATED IN TOBACCO SEEDS 

Seventy-five milligrams of tobacco seeds (fresh weight) are ground in 
liquid nitrogen and then in 600 jlxI of 25 mM ice-cold Tris-HCl buffer pH 8 
supplemented with 1 mM EDTA, 1 mM DTT and 1 mM PMSF. The ground product is 
transferred into an Eppendorf tube and centrifuged at 4°C at 10000 g for 10 min. The 
supernatant is then concentrated by ultrafiltration with the aid of the micropure .45 and 
microcon 10 devices (Amicon). The assay of the proteins is carried out according to the 
Bradford technique (1976) using bovine serum albumin (fraction V) as standard. 

The proteins are separated according to their apparent molecular mass by 
polyacrylamide gel electrophoresis in the presence of SDS according to the Laemmli 
method (Laemmli, 1970) under reducing conditions. The apparatus used is the Mini- 
protean II (Bio-Rad). The gel consists of a concentration gel (5% acrylamide, 0.17% 
bis-acrylamide, 63 mM Tris-HCl pH 6.8, 0.1% SDS) and a separating gel (17% 
acrylamide) 0.56% bis-acrylamide, 375 mM Tris-HCl pH 8.8, 0.1% SDS). The protein 
samples are previously diluted with 0.25 volume of loading solution (200 mM Tris-HCl 
pH 6.8, 400 mM DTT, 40% glycerol, 8% SDS, 0.2% bromophenol blue), then treated at 
100°C for 5 min and finally loaded onto the gel. The electrophoresis is carried out in 
Tris-glycine-SDS buffer (25 mM Tris, 250 mM glycine, 1% SDS) at 25 mA. 
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After electrophoresis, the proteins are transferred onto a nitrocellulose 
membrane (BA 85, Schleicher & Schuell) by electrotransfer according to the Towbin et 
al. technique (1979). The transfer is carried out with the aid of the "mini trans blot 
module" apparatus (Bio-Rad) at 150 V for 90 min in the presence of the transfer 
solution (25 mM Tris, 192 mM glycine, 20% methanol). The membrane is rinsed for 5 
min at room temperature in IX PBS (10.4 mM Na 2 HP0 4 , 3.2 mM KH 2 P0 4 , 1 16 mM 
NaCl) buffer and then dried. 

The presence of the globin chains on the Western-blots is detected using, 
as primary antibody, a rabbit anti-human hemoglobin immune serum (ref: H-4890, 
Sigma) and, as secondary antibody, an anti-rabbit IgG monoclonal antibody coupled to 
alkaline phosphatase (A-8025, Sigma). The revealing is performed using the 
chromogenic substrate [5-bromo-4-chloro-3-indoyl phosphate/nitro blue tetrazolium 
(BCIP/NBT)]. 

The membrane is incubated, with stirring, for 5 min in a TBST buffer 
solution (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20), and then for at 
least 30 min in the same solution supplemented with 5% skimmed milk powder 
(Regilait). The latter solution is replaced, 1/5000 of the volume of anti-hemoglobin 
immune serum is added and the membrane is incubated for at least 2 hours. It is rinsed 
3 times 5 min with TBST solution. The incubation with the secondary antibody is 
carried out for 1 hour with the anti-rabbit IgG monoclonal antibody diluted 1/10000 in 
the TBST solution. Next, the membrane is again rinsed 3 times. The alkaline 
phosphatase activity is revealed by incubating the membrane in the revealing solution 
(100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM MgCl 2 , 330 jig/knl BCIP, 165 jig/ml 
NBT). The reaction is stopped by rinsing with water. 

Figure 7 represents the Western-blot analysis of the protein composition 
of the extracts of seeds of tobacco plants transformed or otherwise with the plasmid 
pBIOC59. The polyclonal antibody recognizes the two normal adult hemoglobin (HbA) 
globin chains separated during the SDS-PAGE electrophoresis. It is observed that the 
protein extract of the seeds of the transgenic plant T26-22 differs from that of the 
control plant in the presence of two polypeptides whose apparent molecular mass is 
similar to that of the globin chains of HbA and which are recognized by the antibody. 
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Furthermore, they appear to be represented in an equimolar manner. It can therefore be 
said that in the seeds, the transgenes encoding the fusion proteins transit peptide-oc 
globins and transit peptide-0 globin are expressed; the cleaving of the transit peptide 
would be correctly performed, such that the a and p globins accumulate. In the seeds of 
1 1 plants, of the 20 tobacco plants transformed independently with the plasmid 
pBIOC59, the presence of the globins is detected. Expressed as equivalents of HbA, the 
maximum level of about 0.05% rHb relative to the total soluble proteins extracted is 
observed for the plant T26-22. It was possible to assess this by comparative Western- 
blot analysis of HbA concentration ranges in the protein extract of control plant seeds. 

b. EXTRACTION AND PARTIAL PURIFICATION OF RECOMBINANT 
HEMOGLOBIN FROM TOBACCO SEEDS. 

The partial purification was carried out using as starting material a 
mixture of the seeds of transgenic tobacco plants transformed with the plasmid 
pBIOC59 and expressing the rHb. 

Fifteen grams of tobacco seeds (fresh weight) are ground in liquid 
nitrogen and then in 100 ml of 25 mM ice-cold Tris-HCl buffer pH 8 supplemented 
with 1 mM EDTA, 1 mM DTT and 1 mM PMSF. The ground product is filtered on 
miracloth® and then the filtrate is centrifuged at 4°C at 10000 g for 10 min. The 
supernatant is first saturated with carbon monoxide (CO) and then filtered with a 0.22 
(im filter and finally concentrated by ultrafiltration with the aid of centriprep 10 devices 
(Amicon). The concentrate is saturated with CO. Two successive chromatographic 
steps are carried out (4°C) while monitoring the absorbance values at 280 nm (proteins) 
and 415 nm (hemoproteins). (i) The concentrate is previously filtered with a 0.22 jam 
filter and then loaded onto a Sephacryl-SlOO column (Pharmacia) (2.1 cm x 90 cm) 
equilibrated with buffer D (9.12 mM Na 2 HP0 4 , 20.88 mM NaH 2 P0 4 , 1 mM DTT, 1 
mM EDTA, pH 6.5). The fraction containing the rHb is collected, filtered through a 
0.22 |im filter and then saturated with CO and finally concentrated as above. Sixty-five 
percent of the proteins are removed at this stage, (ii) This concentrate is loaded onto 
the second column, a fast- flow S-sepharose (Pharmacia) (1.1 cm x 10 cm) equilibrated 
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with buffer D. After washing with 8 volumes of buffer D, an ionic strength gradient is 
applied (buffer D to buffer D containing 500 mM NaCl). The hemoglobin is eluted at 
one peak. The fractions containing this peak are combined and the proteins are 
concentrated as described above. Before and after concentrating, the samples are 
saturated with CO. This concentrate constitutes the rHb-enriched fraction called FE- 
rHb. Only 3% of the proteins of the extract now remain in this fraction. To obtain a 
control for subsequent analyzes, this purification scheme was applied under the same 
conditions to an extract obtained from 15 g of tobacco seeds not expressing rHb, 
leading to the production of the fraction called FE-Control. 

The presence of the a and p globins in these fractions was tested for 
using the Western-blot technique under the conditions described in paragraph X.a. The 
FE-rHb fraction indeed contains rHb, these two polypeptides being detected (Figure 8). 

c. DEMONSTRATION OF THE FUNCTIONALITY OF THE RECOMBINANT 
HEMOGLOBIN BY FLASH PHOTOLYSIS. 

The demonstration of the functionality was performed using, as starting 
material, the rHb-enriched fraction called FE-rHb, using, as control, the equivalent 
control reaction FE-Control and HbA. 

The control experiments where lpHbA was added to the plant extract 
showed biphasic recombination kinetics and variations of the slow fraction depending 
on the energy of the flash of laser light. These results demonstrate that the function of 
HbA is not altered by the solvent conditions used. 

After photodissociation of the ligands from Hb, bimolecular 
recombination occurs within a time scale of |is-ms (k-on speed). Although the natural 
physiological ligand is oxygen, the studies described were performed with carbon 
monoxide (CO) which gives a photodissociation signal which is much greater than that 
obtained with 0 2 because the yield is higher. Likewise, the difference in the speeds of 
recombination for the two conformations of Hb (R and T corresponding to tetramers 
with and without ligand) is also higher. Experimentally, the samples are equilibrated 
under 0. 1 atm CO which gives the best conditions of observation of the two phases. As 
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the reaction is reversible, the photodissociation (y) of the same sample can be repeated 
in order to accumulate several curves, which greatly improves the signal/noise ratio. 

Y 

HbCO -> Hb + CO 
k-on -CO 

The observation of a variation of the amplitude of slow recombination as 
a function of the dissociation fraction (by modification of the laser energy) 
demonstrates the presence of a functional hemoglobin. 

The transgenic plants receive genetic information only for the synthesis 
of globin and not for heme. Consequently, if functional Hb (globins + heme) is 
expressed in plants, it means that it has captured the heme in situ . Other hemoproteins 
present in plants give an optical signal after flash photolysis. These hemoproteins will 
not give a signal if the hemin iron is in the ferric form which does not bind the CO and 
O2 ligands. CO and O2 bind reversibly only if the iron atom is in the ferrous form. It is 
consequently important to demonstrate the existence of kinetic processes for the two 
phases and the variation in the relative contributions of the two phases due to factors 
known to influence the function of hemoglobin. 

The enriched sample FE-rHb shows a CO photodissociation signal of 48 
mOD (optical density) and makes it possible to carry out certain experiments at 
different levels of dissociation; these experiments are carried out in the absence of 
sodium dithionite in order to avoid any parasitic contribution due to the presence of 
hemoproteins. The same experiment, carried out with the FE-Control fraction showed a 
signal of 1 mOD (Figure 9). 

The results recorded at various levels of laser light energy are shown in 
Figure 10. The curves are similar to that of HbA and shows the existence of a 
characteristic property of hemoglobin, namely the lower fraction of slow speed when 
the light intensity is decreased so as to obtain a lower dissociation. 
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The sample was then equilibrated under a CO atmosphere. As expected, 
the recombination kinetics are thereafter more rapid. For hemoglobin in solution, the 
slow fraction is usually lower at high CO concentration since there is less time available 
to make the R-»T transition after dissociation. The FE-rHb sample does not exhibit this 
effect (Figure 11). 

Another method can be used to study the speeds of association and of 
dissociation of oxygen. The principle of this method is based on the following fact: 
although CO has an affinity about 200 times higher than that of oxygen, the speed of 
association of CO with the ligand-containing Hb (R state) is about 10 times lower than 
for oxygen. A sample equilibrated with an equal mixture of CO and O2 will be 
essentially in the HbCO form. It is then possible to photodissociate the CO with a high 
yield), which allows the study of the recombination of O2. A slow terminal phase of the 
order 1 s due to the replacement of oxygen by CO provides information on the speed of 
dissociation (k-off). Only the FE-rHb sample reveals a signal for binding of oxygen 
(Figure 11). 

The studies of the FE-rHb fraction by flash photolysis have shown: 

- a biphasic recombination of CO with rapid and slow speeds similar to those observed 
in tetrameric Hb A; 

- a decrease in the slow fraction at low laser energy as for Hb A; 

- an increase in speed for higher CO concentrations as for normal Hb; 

- a reversible binding of oxygen with on and off speeds similar to those of normal 
Hb A; 

It can be concluded that the recombinant hemoglobin produced in 
tobacco seeds possesses the properties of tetrameric Hb A in all the functional tests 
carried out. 

XI. CONSTRUCTION OF CHIMERIC GENES ENCODING THE a AND p 
CHAINS OF HUMAN HEMOGLOBIN AND ALLOWING EXPRESSION IN 
MAIZE SEEDS. 
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CONSTRUCTION OF THE PLASMIDS CONTAINING ONE OF THE a OR P 
CHAINS OF HUMAN HEMOGLOBIN AND ALLOWING CONSTITUTIVE 
EXPRESSION OR EXPRESSION IN THE ALBUMIN IN MAIZE SEEDS. 

The constitutive or albumin-specific expression, in maize seeds, of the 
sequences of the a and p chains of human hemoglobin required the following 
regulatory sequences: 

one of the three promoters allowing a constitutive expression: 

rice actin promoter followed by the rice actin intron (pAR-IAR) 
contained in the plasmid pActl-F4 described by McElroy et al. (1991); 

35S double constitutive promoter (pd35S) of CaMV (cauliflower 
mosaic virus). It corresponds to a duplication of the sequences activating transcription, 
situated upstream of the TATA element of the natural 35 S promoter (Kay et al., 1987). 

the promoter of the maize yzein gene (pyzein) contained in the 
plasmid py63 (Reina et al., 1990). The plasmid py63 results from the cloning of pyzein 
at the Hindlll and Xbal sites of a plasmid pUC18 containing, between its Hindlll and 
EcoRI sites, the expression cassette "p35S-gus-tNOS" of pBI221 marketed by Clontech. 
It allows expression of the albumin maize seeds. Combined with the rice actin intron, 
this promoter confers expression is of constitutive type; 
one of the two terminators: 

the sequence for termination of transcription, 35S polyA terminator, 
which corresponds to the noncoding 3* region of the sequence of the circular double- 
stranded DNA cauliflower mosaic virus producing the 35S transcript (Franck et al., 
1980); 

The sequence for termination of transcription, NOS polyA 
terminator, which corresponds to the noncoding 3' region of the nopaline synthase gene 
of the Ti plasmid of nopaline-containing strain of Agrobacterium tumefaciens (Depicker 
et al., 1982). 

The type of vector used is derived from pBSHSK+ (Stratagene). Each 
vector comprises an expression cassette, namely one of the promoters, one of the a or p 
chains of human hemoglobin and one of the terminators. Vectors comprising the two 
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cassettes for expression of each of the a and P chains of human hemoglobin were also 
constructed. The clonings were carried out according to the customary methods. 
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CLAIMS 



1 . Method for producing hemin proteins comprising the following steps: 
i) introducing, into plant cells, one or more nucleic acid molecule(s) each of which 
comprises at least one sequence encoding a protein component of a hemin protein of 
animal origin capable of reversiblv^binding oxygen or a variant or a portion of this 




coding a selection agent; 

ding the protein component of 



Either in culture or by regenerating 



protein component, and optionally a s^e 

ii) selecting the cells containing the nu^ 
the hemin protein; 

iii) optionally propagating the transformec 
whole transgenic or :himeric plants; 

iv) recovering/and optionally purifying, a hemin protein comprising a complex of the 
protein or raoteins encoded by the abovementioned nucleic acid with at least one iron- 
containing porphyrin nucleus, or a plurality of these complexes. 

2. \ Method according to Claim 1, characterized in that the hemin protein is a single 
polypeptide chain, for example myoglobin. 

3. \ Method according to Claim 1, characterized in that the hemin protein is a 
hetero&ligomer, the nucleic acid(s) comprising the sequences encoding each of the 
various protein units. 

4. Method according to Claim 3, characterized in that the hemin protein is human 
hemoglobin, or a derivative thereof, the nucleic acid(s) comprising sequences encoding 
a and p gl<\bin,/6r v^iants of a or p globin, the variants differing from the natural 
sequence m \)/le or m#re amino acid substitution(s), deletion(s) or insertion(s). 

5. Method fording to Claim 4, characterized in that the sequences encoding the 
various proteSA units, ck and p globin, are contained within the same nucleic acid 
molecule. 

6. Methoxi according to Claim 4, characterized in that the sequences encoding the 
various protein limits, a and P globin, are contained within separate nucleic acid 
molecules. 
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v 7. Method according to any one of Claims 1 to 6, characterized in that the 
atroduction of the nucleic acid molecule(s) is carried out by transformation of the 
nuclear genome of the plant cell. 

8. \ Method according to Claim 7, characterized in that the sequence encoding the 
protein component comprises one or more sequence(s) encoding chloroplast targeting 
signals^ or mitochondrial targeting signals. 

9. Method according to Claim 7, characterized in that the sequence encoding the 
protein component comprises one or more sequence(s) encoding an N-terminal signal 
peptide and optionally a signal responsible for retaining the protein in the endoplasmic 
reticulum, or a vacuolar targeting signal. 

10. Method according to any one of Claims 1 to 6, characterized in that the 
introduction onthe nucleic acid is performed by a transformation of the mitochondrial 
or chloroplast genome. 

1 1 . Method according to any one of Claims 1 to 9, characterized in that the nucleic 
acid comprises, in addition tothe coding sequence(s), sequences for regulation of 
transcription which are recognizsd by plant cells. 

12. Method according to am one of Claims 4 to 1 1 , characterized in that the coding 
sequence(s) encode(s) a hybrid Molecule composed of at least the active parts of a- 
globin and p-globW jK 

13. Method according to any one of Claims 1 to 12, characterized in that it 
comprises, between the propagation step and the recovery step, a step for detecting 
hemin proteins and in particular hemin proteins whose porphyrin nucleus consists of 
iron-containing protopoiphyriAlX. 

14. Method according to Claim 13, characterized in that during the step for 
propagating plant cells, iron-containing protoporphyrin IX is added to the culture 
medium used for growing the cells.X 

15. Hemin protein having the capacity to reversibly bind oxygen, characterized in 
that it comprises at least one iron-containing porphyrin nucleus, of plant origin, and a 
protein component comprising at least one polypeptide chain, of animal origin. 

16. Protein according to Claim 15, characterized in that the iron-containing 
porphyrin nucleus is iron-containing protoporphyrin IX, or a protoporphyrin differing 



64 



fr^m protoporphyrin IX in the nature of the side chains carried by the p atoms of the 
pyrrole rings. 

17. \ Protein according to Claim 16, characterized in that the protein component 
comprises at least one a- and/or p-globin polypeptide chain, or variants thereof 
comprising one or more amino acid substitution(s), deletion(s) or insertion(s), the hemin 
protein being capable of binding oxygen reversibly. 

18. Protein according to Claim 17, characterized in that the a- or p-globin chain, or 
variants thereof, comprises in addition a chloroplast targeting signal, a mitochondrial 
targeting signal, or a N-terminal signal peptide optionally in combination with a signal 
responsible for retaining protein in the endoplasmic reticulum, or a vacuolar targeting 
signal. \ 

19. Protein according to Claim 17, characterized in that each polypeptide chain 
lacks NH2-terminal methionine. 

20. Protein accordWldvany one of Claims 17 to 19, characterized in that the protein 
component comprise/ atdeaa four polypeptide chains of a- and/or P- globin or variants 
thereof, each polypeptide^ in being bound to an iron-containing protoporphyrin 



nucleus. 
2 1 . Protein affording to 



laim 20, characterized in that it comprises 2 a-globin 



chains and 2 P-gld^in chains, or variants thereof. 

22. Protein according to anyvone of Claims 15 to 21, characterized in that it binds 
oxygen with an affinity of betwe^i 7 and 40 mm Hg, preferably 15 to 20 mm Hg. 

23. Nucleic acid comprising: 

i) one or more sequence(s) encoding a protein component of an animal hemin protein, 
the said protein having the capacity to\reversibly bind oxygen, and 

ii) sequences for regulation of transcription which are recognized by a plant cell, 
comprising a promoter and sequences foil regulation of termination, and 

iii) one or more sequence(s) encoding a targeting signal of plant origin. 

24. Nucleic acid according to Claim 23,Vharacterized in that the regulatory 
sequences comprise one or more promoter(s) of plant origin. 
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25. 



2$. Nucleic acid according to Claim 23 or 25, characterized in that the sequences 
encoding the targeting signal encode a mitochondrial or chloroplast targeting peptide 
called "transit" peptide. 

26. \ Nucleic acid according to Claim 23 or 24, characterized in that the sequences 
encoding the targeting signal encode an N-terminal signal peptide of plant origin, 
optionally in combination with a sequence encoding an endoplasmic retention signal or 
a vacuolar targeting signal. 

27. Nucleic acid according to any one of Claims 23 to 26, characterized in that the 
coding sequence encodes human a- or P-globin, or a variant thereof differing from the 
natural sequence in one or more amino acid substitution(s), deletion(s) or 
replacements), or a portion of human a- and/or p-globin. 

28. Nuclei^acid according to any one of Claims 23 to 27, comprising, in addition, 
one or more intron(s), preferably of plant origin. 

29. Nucleic a&d according to any one of Claims 23 to 28, characterized in that the 
sequence encoding^he j^rotei^i component is a cDNA. 

30. Vector com$ 
Claims 23 to 29. 

3 1 . Plant cell's tpa'nslbrmed 
one of Claims 2# to 29. 

32. Plant c^lls capable \f producing one or more hemin protein(s) according to any 
one of Claims 1 5 to 22 

33. Plant cells according tA Claim 32, characterized in that they comprise nucleic 
acid comprisingyone or more sequence(s) encoding a protein component of the said 
hemin protein in association witlrone or more sequence(s) for regulation of 
transcription recognized by the eel 

34. Plant cells according to any ckie of Claims 3 1 to 33, characterized in that they 
are a culture of plant cells, for exampl^ in liquid medium or immobilized cells, or a root 
culture. 

35. Plant cells according to any one df Claims 31 to 33, characterized in that they 
are cells which form part of a whole transformed plant. 



or more nucleic acid molecule(s) according to any one of 
in a stable manner by the nucleic acid according to any 
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36. \ Chimeric or transgenic plant capable of producing one or more hemin protein(s), 
for example hemoglobin or a derivative thereof, characterized in that it comprises cells 
according to any one of Claims 31 to 33. 

37. Seeds of transgenic plant according to Claim 36. 

38. Pharmaceutical product comprising one or more hemin protein(s) according to 
any one of Claims 15 to 22 in association with a physiologically acceptable excipient. 

39. Hemin proteins according to any one of Claims 15 to 22 for use as medicament. 

40. Hemin piyxein according to Claim 39, for use in the treatment of conditions 

he transport of oxygen in the blood. 

-otein according to any one of Claims 15 to 22 for the 
ent for the treatment of conditions requiring an improvement 
in the transport of oxygen in the blood. 

42. Use of a hemin protein according to any one of Claims 15 to 22 in an industrial, 



requiring an nnproVemeti: 
4 1 . Use of a-ftemin p 
preparation df a medic 



teir 



cosmetic product or as chemical reagent 



ABSTRACT 

A method for producing haemin proteins by (i) inserting into plant cells 
one or more nucleic acid molecules that each comprise at least one sequence coding for 
a protein component of an animal haemin protein capable of reversibly binding oxygen, 
or for a variant or portion of said protein component, and optionally a sequence coding 
for a selection agent; (ii) selecting cells containing nucleic acid coding for the protein 
component of the haemin protein; (iii) optionally propagating the transformed cells 
either in a culture or by regenerating whole transgenic or chimeric plants; and 
(iv) recovering and optionally purifying a haemin protein that includes a complex 
consisting of the protein or proteins coded for by said nucleic acid and at least one iron- 
containing porphyritic nucleus, or a plurality of such complexes. 
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